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This  report  "reviews  tne  status  of  the  various  SDI  technologies 
sad  system  components.  It  analyzes  the  feasibility  of  producing 
dependable  software  of  the  complexity  that  advanced  BMD  systems 
would  require.  Finally,  it  summarizes  what  is  now  known>-and 
unknown— about  the  probable  survivability  of  such  systems 
against  concerted  enemy  attacks  of  various  kinds.*  - 
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Chapter  1 

Summary 


PRINCIPAL  FINDINGS 


The  Strategic  Defense  Initiative  Organize* 
tion  (SDIO)  currently  advocates  planning  for 
a  three-part  “phased  deployment’ ’  of  ballistic 
missile  defense  (BMD)  systems,  with  each 
phase  providing  cm  increment  of  strategic  ben¬ 
efits  while  preparing  the  way  for  the  next 
phase.  The  first  phase  would  be  intended  to 
.  compel  Soviet  operational  adjustments 
and  compromises  by  reducing  the  confidence 
of  Soviet  planners  in  predicting  the  outcom*' 
of  a  ballistic  missile  attack.”  The  second  phase 
would  be  intended  to  negate  Soviet  abilities 
to  destroy  many  strategic  targets,  and  the 
third  to  “eliminate  the  threat  posed  by  nuclear 
ballistic  missiles.”  The  exact  composition  and 
timing  of  each  phase  are  still  under  study,  but 
some  tentative  system  “architectures”  have 
undergone  preliminary  analysis. 

Finding  1:  After  30  years  of  BMD  research, 
including  the  first  few  years  of  the  Strategic 
Defense  Initiative  (SDI),  defense  scientists  and 
engineers  have  produced  impressive  technical 
achievements,  but  questions  remain  about  the 
feasibility  of  meeting  the  goals  of  the  SDI.  The 
SDIO  has  identified  most  of  the  gaps  between 
today’s  technology  and  that  needed  for  highly 
effective  ballistic  missile  defenses;  it  has  ini¬ 
tiated  programs  to  address  those  gaps.  It 
should  surprise  no  one  that  many  tecf^cal  is¬ 
sues  remain  unresolved,  especi^y  when  one 
considers  that  the  SDI  has  so  far  had  time  and 
authorization  to  spend  only  a  fraction  of  the 
money  that  the  Fletcher  Commission  esti¬ 
mated  would  be  necessary  to  assess  BMD  fea¬ 
sibility.  The  SDIO  argues  that  application  of 
sufficient  resources  wUl  resolve  the  outstand¬ 
ing  issues. 

Finding  2:  Given  optimistic  assumptions 
(e.g.,  extraordinarily  fast  rates  of  research,  de¬ 
velopment,  and  production),  the  kind  of  first- 


NoU:  Complete  definitions  of  acronyms  and  initialisms 
are  list^  in  Appendix  B  of  this  report. 


phase  sysiem  that  SDIO  is  considering  might 
be  technically  deployable  in  the  1995-2000 
period.  Such  a  system  might  include: 

•  space-based  hit-to-kill  vehicles  for  attack¬ 
ing  missile  boosters  and  post-boost  vehi¬ 
cles  (PBVs)  and 

•  ground-based  rockets  for  attacking  war¬ 
heads  before  reentry  into  the  atmosphere. 

Depending  on  whether  U.S.  deployment 
schedules  could  be  met,  the  effectiveness  of 
countermeasures  that  should  be  available  to 
the  Soviets  in  that  period,  the  numbers  of 
offensive  weapons  they  had  deployed,  and  the 
nature  of  the  attack,  such  a  system  might  de¬ 
stroy  anywhere  from  a  few  ui:  to  a  modest  frac¬ 
tion  of  attacking  Soviet  intercontinental  bal¬ 
listic  missile  (ICBM)  warheads. 

Again  depending  on  the  effectiveness  of  So¬ 
viet  countermeasures,  the  BMD  system  might 
be  able  to  carry  out  a  strategy  of  “adaptive 
preferential  defense,”  allowing  it  to  protect 
successfully  a  useful  fraction  of  certain  sets 
of  U.S.  military  targets.* 

Additional  defense  capabilities  would  soon 
be  needed  to  sustain  this  level  of  defense 
against  either  increased  or  more  advanced,  but 
clearly  feasible,  Soviet  offenses. 

One  k^  to  sustaining  and  improving  defense 
capabilities  in  the  2000-10  period  woidd  be  de¬ 
velopment  of  technologies  to  discriminate  be¬ 
tween  missile  warheads  and  decoys  so  that 
ground-  and  satellite-based  rockets  could  ef¬ 
fectively  attack  warheads  in  space.  Assuring 
functional  survivaoility  of  space-based  sys¬ 
tems  would  also  be  essential  (see  Finding  4). 


*SD10  officials  argue  that  demul  to  the  Soviets  of  high  conS* 
dence  of  destroyii'g  as  many  of  these  targets  they  would  like 
ias  estimated  by  U.S.  planners)  would  enhance  deterrence  of 
an  aggressive  nuclear  attack. 


As  the  Soviets  phased  iri  faster  burning,  faster 
weapon-dispensing  ballistic  missiles,  it  would 
probably  be  necesss’r  to  develop  and  deploy 
directed-emrgy  wea  jr  '  to  intercept  missiles 
in  the  bcoot  phase  and  post-boost  phases. 

Given  higher  annual  funding  le  els  than  so 
far  approp’-iated,  the  SDI  research  and  tech¬ 
nology  program  might  establish  in  the  mid- 
to-Iate  1990s  whether  the  components  needed 
for  warhead/decoy  discrimination  in  a  second- 
phase  system  would  be  feasible  for  deployment 
in  the  2000-10  period.  Also  assuming  higher 
funding  levels  than  in  the  past,  by  the  mid-to- 
late  ISSKls  the  SDI  may  determine  the  techni¬ 
cal  feasibility  of  deplo3ring  BMD  directed- 
energy  weapons  in  the  20^15  period.  The  cost 
and  survivability  of  such  weapons  will  be 
among  the  key  issues. 

Finding  3:  A  rational  cmnmitment  to  a  “phase- 
one”  development  and  deployment  of  BMD 
before  the  second  and  third  phases  had  been 
proven  feasible,  affordable,  and  survivable 
would  imply:  a)  belief  that  the  outstanding 
technical  issues  will  be  favorably  resolved 
later;  bl  willingness  to  settle  for  interim  BMD 
capabilities  that  would  decline  as  Soviet  of¬ 
fenses  improved;  or,  c)  belief  that  U.S.  efforts 
will  persuade  the  Soviets  to  join  in  reducing 
offensive  forces  and  moving  toward  z  defense- 
dominated  world. 

Finding  4:  The  precise  degree  of  BMD  sys¬ 
tem  survivability  is  ham  to  anticipate,  because 
it  would  depend  on  the  details  of  measures  for 
offensive  attack  on  the  BMD  system  and  defen¬ 
sive  countermeasures,  on  the  tactics  employed 
by  each  side,  and  on  the  inevitable  uncertain¬ 
ties  of  battle.  It  appears  that  direct-ascent 
nuclear  anti-satellite  weapons  (DANASATs) 
would  pose  a  signiflcant  threat  to  all  three  de¬ 
fense  system  phases,  but  particularly  to  the 
first  two.  Numerous  DANASATs  could  be 
available  to  the  Soviets  in  the  mid-1990s  (e.g., 
ballistic  missQes  relying  on  mature  technology, 
could  probably  be  adapted  to  this  role.)  Such 
weapons  deployed  in  quantity,  especially  with 
multiple  decoys,  would  threaten  to  degrade  se¬ 
verely  the  performance  of  a  Brst-  or  second- 
phase  BMD  system.  SDIO  officials  say,  how¬ 


ever,  that  adequate  survivability  measures 
could  meet  this  threat.  If  the  Soviets  chose  to 
attack  the  U.S.  BMD  satellites  during  em¬ 
placement,  they  might  prevent  full  system  de¬ 
ployment  and  operation  altogether. 

Finding  5:  There  has  been  little  analysis  of 
any  kind  of  space-based  threats  to  BMD  sys¬ 
tem  survivability.  SDIO  analyses  assume  that 
U.S.  BMD  technologies  will  remain  superior 
to  Soviet  technologies  (although  such  superi¬ 
ority  would  not  necessarily  guarantee  U.S. 
BMD  system  survivability).  In  particular, 
SDIO  and  its  contractors  have  conducted  no 
serious  study  of  the  situation  in  which  the 
United  States  and  the  Soviet  Union  both  oc¬ 
cupy  space  with  comparable  BMD  systems. 
Such  a  situation  could  place  a  high  premium 
on  striking  first  at  th^  other  side’s  defenses. 
The  technical  (as  well  as  political)  feasibility 
of  an  arms  control  agreement  to  avoid  such 
mutual  vulnerability  remains  uncertain. 

Finding  6:  The  survivability  of  BMD  sys¬ 
tems  now  under  consideration  implies  unilat¬ 
eral  U.S.  control  of  certain  sectors  of  space. 
Such  control  would  be  necessary  to  enforce 
“keep-oul”  zones  against  Soviet  anti-satellite 
weapons  or  space  mines  during  and  after  U.S. 
BMD  deployment.  Most  BMD  weapon  tech¬ 
nologies  would  be  useful  in  an  anti-satellite  role 
before  they  reached  the  levds  of  power  and  pre- 
cjion  ne^ed  for  BMD.  Thus,  the  Soviets 
would  not  need  to  achieve  BMD  capabilities 
to  begin  to  challenge  U.S.  control  of,  or  even 
access  to,  apace. 

Finding  7:  The  nature  of  software  and  ex¬ 
perience  with  large,  complex  software  systems 
indicate  that  there  may  always  be  irresolva¬ 
ble  questions  about  how  dependable  BMD  soft¬ 
ware  would  be  and  about  the  confidence  the 
United  States  could  place  in  dependalnlity  esti¬ 
mates.  Existing  large  software  systems,  such 
as  the  long-distance  telephone  system,  have 
become  highly  dependable  only  af^  extensive 
operational  use  and  modification.  In  OTA’s 
judgment,  there  would  be  a  significant  prob¬ 
ability  (i.e.,  one  large  enough  to  take  seriously) 
that  the  first  (and  presumably  only)  time  the 
BMD  system  were  used  in  a  real  war,  it  would 
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Preface 


This  report  is  the  unclassified  version  of  a  classified  document  delivered  to 
Congress  at  the  end  of  August  1987.  In  attempting  to  reach  agreement  with  the 
Department  of  Defense  on  what  information  could  be  included  in  an  unclassified 
report,  OT A  found  the  wheels  of  bureaucracy  to  turn  very  slowly  —when  they  turned 
at  all.  Only  through  the  active  intervention  of  the  Strategic  Defense  Initiative 
Organization,  beginning  in  late  in  November  1987,  and  extending  to  the  end  of 
March.  1988,  was  a  partial  resolution  of  the  problem  achieved. 

OTA,  with  assistance  from  SDIO  staff,  revised  the  entire  report  to  produce 
a  complete  version  that  both  agreed  should  not  be  considered  classified.  The  De¬ 
partment  of  Defense  concurred  on  all  but  the  final  three  chapters.  These  latter 
chapters  deal— in  a  general  way  and  without  the  kind  of  specific  detail  that  might 
be  useful  to  an  adversary-with  a  variety  of  potential  countermeasures  to  BMD 
qrstems.  In  particular,  chapters  11  and  12  deal  with  defining  and  countering  threats 
to  the  survivability  of  space-based  BMD  systems. 

Chapter  1  offers  a  brief  review  of  the  “bottom  lines"  of  chapters  10  through 
12.  But  apparently  some  in  the  Defense  Department  wish  to  assert  that  it  is  im¬ 
possible  to  present  an  unclassified  analytical  discussion  that  would  enable  the 
reader  to  understand  the  issues  and  form  his  own  judgments.  In  OTA ’s  judgment, 
this  position  does  not  deprive  potential  adversaries  of  any  information  they  do 
not  already  have:  rather,  it  stifles  rational  public  debate  in  the  United  States  over 
the  pros  and  cons  of  proceeding  with  ballistic  missile  defense.  To  give  the  reader 
at  least  some  appreciation  of  the  scope  of  the  deleted  material,  the  tables  of  con¬ 
tents  of  chapters  10  through  12  appear  at  the  end  of  this  volume.  In  addition, 
the  major  conclusions  of  these  chapters  (without,  of  course,  the  supporting  analy¬ 
sis)  are  summarized  in  chapter  1. 

OTA  thanks  the  SDIO  for  the  additional  substantive  comments  and  informa¬ 
tion  it  provided  on  the  final  drafts  of  the  report.  Thus,  despite  the  many  months 
of  delay  since  original  completion  of  the  report,  this  unclassified  version  is  reason¬ 
ably  up  to  date.  OTA,  not  SDIO,  is  responsible  for  the  contents  and  conclusions 
of  the  report. 

A  further  note  on  the  subject  of  classified  information  is  in  order.  Any  report 
which  attempts  to  analyze  the  feasibility  and  survivability  of  prospective  ballis¬ 
tic  missile  defense  systems  must  refer  to  possible  measures  an  adversary  could 
t^e  to  counter  the  system.  OTA  sought  the  views  of  a  variety  of  experts  on  So¬ 
viet  military  research,  development,  and  deployment  about  potential  responses 
to  the  SDI.  It  alfio  sought  to  understand  the  technical  feasibility  of  various  coun¬ 
termeasures.  It  did  not  seek  out  or  i-eport  on  the  official  judgments  of  the  U.S. 
intelligence  comnmnity  on  what  countermeasures  the  Soviet  Union  would  or  could 
take  against  SDI-derived  systems.  Therefore,  aothing  said  in  this  report  should 
be  construed  as  an  "intelligence"  judgment  of  Soviet  intentions  or  capabilities. 
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Foreword 


In  its  1985  report,  New  Ballistic  Missile  Defense  Technologies,  OTA  attempted 
to  place  those  technologies  against  a  useful  policy  background  for  the  Congress. 
While  that  report  introduced  the  major  subject  areas  of  Strategic  Defense  Initia* 
tive  research,  the  amount  of  detailed  technical  evaluation  it  could  offer  was  limited. 
The  chief  limitations  were  the  relative  newness  of  the  SDI  program  and  the  lack 
of  speciiic  HMD  system  architectures  to  examine.  Since  that  report,  the  SDIO 
has  conducted  enough  additional  research  and,  in  particular,  identified  a  suffi¬ 
ciently  specific  system  architecture  that  a  more  detailed  OTA  review  of  the  rele¬ 
vant  technologies  should  be  helpful  to  Congress. 

Public  Law  99-190  (continuing  appropriations  for  fiscal  year  1986)  called  for 
the  Cff'ce  of  Technology  Assessment  to  conduct  a  .  comprehensive  classified 
study  . . .  together  with  an  unclassified  version  ...  to  determine  the  technologi¬ 
cal  feasibility  and  implications,  and  the  ability  to  survive  and  function  despite 
a  preemptive  attack  by  an  aggressor  possessing  comparable  technology,  of  the 
Strategic  Defense  Initiative  Program.”  In  addition,  the  accompanying  Confer¬ 
ence  Report  specified  that . . .  “This  study  shall  include  an  analysis  of  the  feasibil¬ 
ity  of  meeting  SDI  computer  software  requirements.” 

This  unclassified  report  completes  OTA’s  response  to  that  mandate.  It  puts 
SDI  technologies  in  context  by  reporting  the  kinds  of  ballistic  missile  defense 
(BMD)  system  architectures  that  the  SDI  organization  has  considered  for  “phased 
deployment.”  It  reviews  the  status  of  the  various  SDI  technologies  and  system 
components.  It  analyzes  the  feasibility  of  producing  dependable  software  of  the 
complexity  that  advanced  BMD  systems  would  require.  Finally,  it  sununarizes 
what  is  now  known— and  unknown— about  the  probable  survivability  of  such  sys¬ 
tems  against  concerted  enemy  attacks  of  various  kinds. 

The  study  found  that  major  uncertainties  remain  concerning  the  probable  cost, 
effectiveness,  and  survivability  of  the  kinds  of  BMD  system  (which  rely  on  kinetic 
rather  than  directed-energy  weapons)  that  might  be  deployable  in  the  “phase-one” 
proposed  for  the  mid  to  late  1990s.  In  addition,  OTA  believes  several  more  years 
of  SDI  research  would  be  needed  to  determine  whether  it  is  feasible  to  construct 
the  kinds  of  directed-energy  weapons  contemplated  as  follow-ons  to  SDIO’s  “phase 
one”  BMD  system.  The  si ,  vivability  of  both  short-term  and  longer-term  BMD 
systems  would  depend  heavily  on  the  outcome  of  a  continuing  competition  in  weap¬ 
ons  and  countermeasures  between  the  United  States  and  the  Soviet  Union.  Fi¬ 
nally,  developing  dependable  software  for  advanced  BMD  will  be  a  formidable 
challenge  because  of  the  difficulty  of  testing  that  software  realistically. 

OTA  gratefully  thanks  the  hundreds  of  individuals  whose  contributions  of 
time  and  effort  helped  make  this  report  possible.  OTA,  of  course,  bears  the  final 
responsibility  :or  the  contents  of  the  report. 

( _ )  JOHN  H.  GIBBONS 
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suffer  a  catastrophic  failure.'  The  complexity 
of  BMD  software,  the  '•hanging  nature  of  sys¬ 
tem  requirements,  and  the  novelty  of  the  tech¬ 
nology  to  be  controlled  raise  the  possibility 
that  the  system  may  not  even  be  able  to  pass 
the  more  realistic  of  the  peacetime  tests  that 
could  be  devised  for  it.  The  relatively  slow  rate 
of  improvement  in  software  engineering  tech¬ 
nology  makes  it  appear  unlikely  to  OTA  that 
this  situation  will  be  substantially  alleviated 
in  the  foreseeable  future.  SDIO  officials  assert, 
however,  that  SDI  software  problems  will  be 
manageable,  that  adequate  testing  will  be  pos¬ 
sible,  and  that  previous  military  systems  have 
been  deployed  without  complete  system  test¬ 
ing  (e.g.,  the  Minuteman  missUe  system,  the 
Navy’s  AEGIS  ship  defense  system.) 

Finding  8:  No  adequate  models  for  the  de¬ 
velopment,  production,  test,  and  maintenance 
of  software  for  full-scale  BMD  systems  exist. 
Systems  such  as  long-distance  telephone  net¬ 
works,  early  missile  defense  systems  such  as 
SAFEGUARD,  the  AEGIS  ship  defense  sys¬ 
tem,  and  air  traffic  control  all  differ  signifi¬ 
cantly  from  full-scale  BMD. 

The  only  kind  of  BMD  system  for  which  the 
United  States  has  software  development  expcri* 

‘In  ch.  9  catastrophic  failure  is  arbitrarily  defined  as  a  de¬ 
cline  of  90  percent  or  more  in  system  performance,  and  there 
is  a  discussion  of  alternative  approaches  to  the  concept. 


ence  is  a  terminal  defense  system.  Incorporat¬ 
ing  a  boost-phase  defense  would  add  complex¬ 
ity  to  the  software  and  i-equire  the  inclusion 
of  technologies  hitherto  untried  in  battle.  Add¬ 
ing  a  mid-course  defense  would  probably  in¬ 
crease  the  software  complexity  beyond  that 
of  any  existing  systems. 

Experts  agree  that  new  methods  for  produc¬ 
ing  and  safely  testing  the  system  would  be 
n^ed.  Evolution  would  be  key  to  system  de¬ 
velopment,  requiring  new  methods  of  control¬ 
ling  and  disseminating  software  changes  and 
assuring  that  each  change  would  not  increase 
the  potential  for  catastrophic  failure.  OTA  has 
foimd  little  evidence  of  significant  progress  in 
these  areas. 

Finding  9:  There  is  broad  agreement  in  the 
technical  community  that  significant  parts  of 
the  research  being  carried  out  under  the  SDI 
are  in  the  national  interest.  There  i  s  disagree¬ 
ment  about  whether  or  not  this  research  is  best 
carried  out  within  a  program  that  is  strongly 
oriented  toward  supporting  an  early  1990s 
BMD  deplojrment  decision,  and  that  includes 
system  development  as  well  as  research  ele¬ 
ments.  This  question  was  outside  the  scope  of 
OTA’s  mandate  ar.d  is  not  addressed  in  this 
report. 


INTRODUCTION 


Origin  of  This  Study 

The  appropriations  continuing  resolution  for 
fiscal  year  1986  (Public  Law  99-190)  called  for 
the  Office  of  Technology  Assessment  to  pro¬ 
duce  a  “comprehensive  classified  study . . . 
together  with  an  unclassified  version  ...  to  de¬ 
termine  the  technological  feasibility  and  im¬ 
plications,  and  the  ability  to  survive  and  func¬ 
tion  despite  a  preemptive  attack  by  an  aggressor 
possessing  comparable  technology,  of  the  Stra¬ 
tegic  Defense  Initiative  Program.”  In  addition, 
the  conference  report  accompanying  this  leg¬ 
islation  specified  that  “this  study  shall  include 
an  analysis  of  the  feasibility  of  meeting  SDI 
computer  software  requirements.”  This  report 
responds  to  that  legislation. 


After  30  years  of  BMD  research,  including 
the  first  few  years  of  the  Strategic  Defense  Ini¬ 
tiative,  the  dedication  and  ingenuity  of  thou¬ 
sands  of  U.S.  scientists  and  engineers  have 
produced  many  impressive  technical  achieve¬ 
ments.  Such  achievements  may  someday  cu¬ 
mulate  to  lorm  the  basis  for  a  Mghly  effective 
BMD  system.  For  now,  how‘'"':r,  many  ques¬ 
tions  remain  about  the  feasinility  of  meeting 
SDI  goals. 

Goals  of  the  SDI 

According  to  SDIO’s  annual  report  to 
Congress: 

From  the  very  beginning,  the  SDIO  has 
maintained  the  same  goal— to  conduct  a  vig- 


orous  research  and  technology  development 
program  that  could  help  to  eliminate  the 
threat  of  ballistic  missiles  and  provide  in¬ 
creased  U.S.  and  allied  security.  Within  this 
goal,  the  SDIO’s  task  is  to  demonstrate  SDI 
technology  and  to  provide  the  widest  range 
of  defense  options  possible  to  support  e  deci¬ 
sion  on  whether  to  develop  and  deploy  stra¬ 
tegic  defenses.* 

.Such  defenses  might,  to  a  greater  or  lesser  de¬ 
gree,  protect  the  American  population  from  nu¬ 
clear  weapons.  But,  contrary  to  the  perceptions 
of  many,  SDIO  has  never  embraced  the  goal 
of  developing  a  leakproof  shield  against  an  un¬ 
constrained  Soviet  nuclear  weapon  threat.  It 
is  the  position  of  SDIO  that  Ftesident  Rea¬ 
gan  has  not  embraced  that  goal  either.* 

Rather,  the  organization,  in  its  first  4  years, 
worked  out  a  scenario  that  it  argues  could  lead 
to  President  Reagan’s  stated  “ultimate  goal 
of  eliminating  the  threat  posed  by  strategic 
nuclear  missiles . . .  [which  could] . . .  pave  the 
way  for  arms  control  measm^  to  eliminate  the 
weapons  themselves.”*  The  scenario,  para¬ 
phrased  from  the  SDIO  report,  is  as  follows: 

1 .  a  research  and  development  program  con¬ 
tinues  until  the  early  1990s,  when  a  deci¬ 
sion  could  be  mado  by  a  future  President 
and  Congress  on  whether  to  enter  into  full- 
scale  BMD  engineering  development; 

2.  the  Defense  Department  begins  full-scale 
development  of  a  “first-phase”  system 
while  continuing  advanced  technology 
work; 

3.  the  United  States  begins  “phased  deploy¬ 
ment”  of  defensive  systems,  “designed  so 
that  each  added  increment  of  defense 
would  enhance  deterrence  and  reduce  the 
risk  of  nuclear  war”;  although  this  “tran¬ 
sition  period”  would  preferably  be  jointly 
mana^  by  the  Unit^  States  and  the  So¬ 
viet  Union,  U.S.  deployments  would  pro¬ 
ceed  anyway;  then 


Strategic  Defense  Initiative  Organization,  Report  to  the  Con¬ 
gress  on  the  Strategic  Defense  Initiative  iWaahington,  DC:  April 
1987),  p.  IM3. 

*Lt-  General  James  Abrahamson,  personal  commanicatkm  to 
OTA  sUff,  July  7.  1987. 

^Ronald  Reagan,  televised  speech.  Mar.  23, 1983. 


4.  the  United  States  completes  deployment 
of  “highly  effective,  multilayered  defen¬ 
sive  systems,”  which  "could  enhance  sig¬ 
nificantly  the  prospects  for  negotiate 
reductions,  or  even  the  elimination,  of 
offensive  ballistic  missiles.” 

Figures  1-1  and  1-2  are  SDIO  graphic  repre¬ 
sentations  of  its  development  and  deployment 
policies.  Figure  1-1  illustrates  that,  as  time 
goes  on,  newer,  more  capable  BMD  systems 
would  be  necessary  to  respond  to  advanced 
Soviet  missile  threats.  Alternatively,  it  is  ar¬ 
gued,  the  prospect  of  such  new  systems  might 
persuade  the  Soviets  to  accept  U.S.  proposals 
for  joint  reductions  of  offensive  forces  which 
might,  in  turn,  obviate  the  need  for  new  systems. 

Figure  1-2  lists  the  kinds  of  information 
SDIO  seeks  to  provide  for  BMD  development 
decisions.  According  to  this  figure,  SDIO  does 
not  see  “complete  understands^”  of  later  sya- 
tem  phases  as  prerequisite  to  initial  commit¬ 
ments  to  develop  and  deploy  BMD.  Instead, 
it  proposes  to  seek  a  “partial  understanding” 
of  the  issues  surrounding  the  follow-on  phase 
and  provide  “reasonable  estimates”  that  the 
necessary  systems  could  be  available  as  needed. 

SDIO  has  affirmed  the  so<alled  “^fitze  cri¬ 
teria”  as  requirements  for  the  BMD  options 
it  offers:  that  the  defenses  be  militarily  effec¬ 
tive,  adequately  survivable,  and  “cost-effec¬ 
tive”  at  the  margin,  that  is,  “able  to  maintain 
their  defensive  capabilities  more  easily  than 
countermeasures  could  be  taken  to  try  to  de¬ 
feat  them.”' 

*SDIO,  op.  dt.  footnote  2,  p.  IV-3. 


Figure  1-1.— The  Path  to 
**Thoroughly  Reliable”  Oefeneea 
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Figure  1-2.— Development  Decision  Content 


The  SDIO  has  identified  three  "phases”  of 
BMD  deployments  that  might  extend  from  the 
mid-1990s  well  into  the  21st  century  (see  fig¬ 
ure  1-3).  In  mid-1987,  SDIO  proposed  to  pro¬ 
ceed  with  a  series  of  "technology  validation 
experiments”  to  build  and  test  hardware  that 
might  demonstrate  the  feasibility  of  compo¬ 
nents  of  a  “first-phase”  system.  These  exper¬ 
iments  would  require  SDI  budgets  substan¬ 
tially  above  the  levels  appropriated  by 
Congress  in  the  first  4  years  of  the  SDI. 

In  deciding  about  funding  and  directing  the 
SDI  program,  then,  Congress  must  decide 
whether  to  accept,  modify,  or  reject  the  phased 
research  and  deplojunent  scenario  proposed  by 
SDIO.  Options  for  Congress  include: 

•  accept  the  SDIO  phasing  scenario  and 
plan  now  to  decide  in  the  early  1990s 
whether  the  full-scale  engineering  devel¬ 
opment  of  a  first-phase  system  is  feasible 
or  attractive,  but  with  only  a  “reasonable 
estimate”  at  that  time  of  whether  the  sec¬ 
ond  and  third  phases  would  later  prove 
feasible;  such  a  decision  would  imply  an 


Figure  1-3.— Mission  Effectiveness  improves 
With  Phased  Deployment 
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intention  to  deploy  the  first  phase  in  the 
imd-1990s  while  beginning  full-scale  de¬ 
velopment  of  the  second  phase,  but  the 
actual  mi(l-1990s  decisions  would  depend 
on  the  progress  made; 

•  decide  soon  to  begin  immediately  to  de¬ 
velop  whatever  technologies  may  be  avail¬ 
able  for  deployment  in  the  early  1990s, 
bearing  in  mind  that  space-based  weap¬ 
ons  are,  in  any  case,  unlikely  to  be  deploy¬ 
able  in  quantity  until  1995  or  beyond; 

•  plan  to  delay  a  decision  on  a  first  phase 
of  development  and  deployment  until  ad¬ 
vanced  research  confirms  that  the  second 
and  third  phases  would  be  feasible; 

•  return  tx>  the  pre-SDI  BMD  research  pro¬ 
gram  inbmded  to  hedge  against  techno¬ 
logical  surprise  and  to  deter  Sovif  t  BMD 
deployment,  but  not  intended  to  work 
toward  p.  specific  deployment  scenario;  or 

•  add  to  the  previous  option  a  new  empha¬ 
sis  on  terminal  defense  systems  designed 
specifically  to  protect  elements  of  U.S. 
strategic  nuclear  retaliatory  forces. 

Nature  of  This  Report 

To  assist  Congress  in  making  these  choices, 
this  report  surveys  the  technologies  under  re¬ 
search  in  the  SDI  and  reports,  as  of  early  1988: 

•  which  technologies  might  be  available  for 
each  of  the  projected  deployment  phases; 

•  what  is  known  and  what  remains  to  be 
learned  about  the  feasibility  of  develop- 


ing  those  technologies  and  manufactur- 
mg  and  deploying  weapons  based  on  them; 

•  now  be  said  about  how  surviva- 
ble  against  enemy  attack  space-based 
BMD  systems  themselves  may  be;  and 

•  what  can  now  be  said  about  the  feasibil- 

producing  the  computer  software 
of  the  requisite  performance  and  depend¬ 
ability. 

Most  experts  would  agree  that  the  techni¬ 
cs  issues  for  BMO  present  severe  challenges. 
Thus,  in  attempting  to  provide  the  above  in¬ 
formation,  this  report  identifies  numerous 
demanding  technical  problems.  The  technical 
challenges  to  the  SDI  have  been  variously  iu- 
terpreted: 

•  From  the  point  of  view  of  SDI  officials 
nnd  contractors,  questions  of  feasibility 
are  challenges  that  the  application  of  suffi¬ 
cient  tune  and  resources  can  overcome. 
They  are  wortog  on  most,  if  not  all,  the 
issues  identified  in  this  report. 

•  In  another  view,  the  obstacles  to  effective 
BMD  are  great,  and  may  not  be  overcome 
for  several  decades;  nevertheless,  the  kind 
of  research  SDIO  is  sponsoring  will  have 
TOme  long-term  military  and  economic 
benefits  for  the  United  States  whatever 
the  SDI  outcome.  In  addition  research  on 
BMD  is  necessary  to  avoid  technological 
surprise  and  to  hedge  against  Soviet 
breakout  from  the  Anti-Ballistic  Missile 
(aBM)  Treaty. 

•  From  a  third  point  of  view,  the  obstacles 
to  accomplishment  of  the  SDI’s  ultimate 
goals  are  so  complex  and  so  great  that 
SpiO’^B  %oals  are  simply  implausible. 
Therefore,  although  the  United  States 
should  conduct  some  BMD  research  to 


avoid  technological  surprise  and  to  hedge 
against  Soviet  break  out  from  the  ABM 
Treaty,  research  needed  for  other  military 
or  dvilian  purposes  should  be  carried  out 
under  other  auspices. 


OTA  attempts  m  this  report  to  present  real* 
istic^y  the  available  evidence  about  SDI  fea¬ 
sibility.  The  reader  must  decide  how  optimis¬ 
tic  or  pessimistic  the  evidence  should  lead  one 
to  be  and  which  approach  to  BMD  research 
would  be  best  for  the  nation. 


This  summary  organizes  OTA’s  findings 
around  the  kinds  of  system  designs,  or  “ar¬ 
chitectures,”  for  the  three  phases  that  SDIO 
has  recently  been  studying  and  diarnafling  it 
^idd  be  recognized,  however,  that,  except  for 
the  first  phase,  these  architectures  are  illus- 
tratiye,  not  definitive.  They  provide  a  wiAniiff 
of  thinking  about  and  understanding  hmy  yari- 
ous  BMD  technologies  might  be  integrated 
mto  working  systems  and  in  what  time  frames. 
Only  the  first  represents  SDIO’s  proposal  for 
actual  systems  to  develop  and  deploy. 


Table  1-1  outlines  SDIO’s  suggested  first 
phase  of  depl(yment;  the  time  frame  1995-2000 
is  strictly  an  OTA  assessment  of  a  very  op- 
^stic  but  arguably  plausible  period  for  the 
l^giniung  and  completion  of  deploymmits  of 
the  various  elements  of  the  system  phase.  Ta¬ 
ble  1-2  outlines  OTA's  projections  of  the  sec¬ 
ond  wd  third  phases  of  BMD  deployment- 
based  on  SDIO  descriptions  of  the  tarhwo|f>g{e9 
It  is  researching.  The  overlapping  time  frames 
(2000-10  and  2005-15)  reflect  OTA  assessments 
of  optimistic  but  arguably  plausible 
^nods  for  the  beginning  and  completion  of 
deployments  of  the  various  elements  of  pf»rh 
system  phase. 


FIRST-PHASE  TECHNOLOGIES  AND  SYSTEMS 
(OTA  Estimates  Approximately  1995-2000) 


Goals  of  a  First-Phase  System 

In  the  fall  of  1986  SDIO  and  its  contractors 
began  to  study  options  for  “first-phase”  de¬ 
ployment  of  BMD.  They  attempted  to  design 


systems  that  the  Nation  might  select  in  the 
late  1980s  for  initial  deployments  in  the  early 
1990s.  OTA  estimates  that  as  a  practical  mat- 
ter— given  the  development,  manufacturing, 
Biad  Space  transportation  ne^s — deployment 
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Table  1-1.— SOIO’s  Phase  One  Space-  and  Ground-Based  BMO  Architecture 


Comporent 

Number 

First  phssB  (spproximststy  199S^2000): 

Battle  Management  Variable 

Computers 

Boost  Phase 

Surveillance  and 
Tracking  Sateliite 

Several  at  high  altitude 

Space-based  Interceptor 
Carrier  Satellite 

100s  at  several  100s  of 
km  altitudes 

Probe 

108 

or 

Space  Surveillance  and 
Tracking  System 

10s 

or 

Space-based  Interceptor 
Carrier  Satellites 

100s 

Exo-atmospheric 
Interceptors  (ERIS) 

1000s  on  ground-based 
rockets 

SOURCE;  Otfice  of  Technology  Assessment.  1980. 


Description 


Function 


May  be  carried  on  sensor 
platforms,  weapon  platforms, 
or  separate  platicrms;  ground- 
based  units  may  be  mobile 
Infrared  sensors 


Each  would  carry  about  10  small 
chemical  rockets  or  “SBIs’*; 
might  carry  sensors  for 
tracking  post-boost  vehicles 
Ground-launched  rocket-borne 
infrared  sensors 


Sateilite-bome  infrared  sensors 


Satellite-borne  Infrared  sensors 
Rocket  booster,  hit-to-klll 
warhead  with  infrared  seeker 


Coordinate  track  data;  control 
defense  assets;  select 
strategy;  select  targets; 
command  firing  of  weapons 

Detect  ballistic  or  ASAT  missile 
launches  by  observing  hot 
rocket  plumes;  pass 
Information  to  tracking 
satellites 

On  command,  launch  rockets  at 
anti-satellite  v/eapons 
(attacking  BMD  system), 
boosters,  possibly  PBVs. 

Acquire  RV  tracks,  pass  on  to 
ERIS  interceptors 


Cued  by  satellite-borne  or 
rocket-borne  infrared  sensors, 
home  in  on  and  collide  with 
RVs  in  late  mid-course 


of  the  systems  discussed  could  not  begin  un¬ 
til  1995  or  later  and  would  probably  take  at 
least  until  the  end  of  the  1990s  to  complete. 

The  first-phase  options  generally  exclude 
space-based  attack  on  Soviet  reentry  vehicles 
in  mid-course  (see  table  1-1).  While  limiting  the 
effectiveness  of  a  BMD  system,  this  omission 
eases  the  sensing,  discrimination,  and  battle 
management  tasks. 

Depending  on  the  nature  of  the  Soviet  at¬ 
tack  assumed,  and  depending  on  the  effective¬ 
ness  of  Soviet  countermeasures,  the  kind  of 
system  described  by  SDIO  officials  system 
might  destroy  anywhere  from  a  few  up  to  a 
modest  fraction  of  the  (now  predicted  number 
of)  Soviet  reentry  vehicles  in  a  full-scale  attack. 
The  SDIO  has  suggested  such  a  system  as  only 
the  first  phase  of  what  in  the  longer  term  would 
expand  to  a  more  effective  system.  However, 
the  organization  cites  as  “an  intermediate  mil¬ 
itary  purpose” 


. . .  denying  the  predictability  of  Soviet  at¬ 
tack  outcome  and . . .  imposing  on  tlie  Soviets 
significant  costs  to  restore  their  attack  con¬ 
fidence.  These  first  phases  could  severely  re¬ 
strict  Soviet  attack  timing  by  denying  them 
cross-targeting  flexibility,  imposing  launch- 
window  constraints,  and  confounding  weap- 
on-to-target  assignments,  particulariy  of  their 
hard-target  kill  capable  weapons.  Such  re¬ 
sults  could  substantiaOy  enhance  the  deter¬ 
rence  of  Soviet  aggression.* 

SDIO  officials  assert  that  the  military  ef¬ 
fectiveness  of  the  first-phase  system  would  be 
higher  than  indicated  by  the  percentages  of 
reentry  vehicles  intercepted.  They  envisage  a 
strata,^  of  “adaptive  preferential  defense.”  In 
this  strategy,  first  the  space-based  layer  of  de¬ 
fense  disrupts  the  structure  of  the  ^viet  at¬ 
tack.  Then  ^e  ground-based  layer  defends  only 
those  U.S.  targets  of  the  highest  value  and  un- 


*Ibid.,  footnote  2,  p.  IMl. 


TiMt  1>2.— OTA’*  Pro|*ctlon9  of  evolution  ol  Ground-  and  Sp*c#-B***d  BMO  Architoclur# 


Componont  Number _ Description 

Second  phM  OvpnxIamMy  2000-2010)  nptae*  Knt  phaM  compenenit  end  add; 
Airtx)me  Optical  lOa  In  flight  Infrarad  sensors 

Syst3m  (AOS) 


Ground-based  Radars 


10s  on  mobile  platforms  X*band  Imaging  radar 


High  Endchatmoapherlc  1000s 
Interceptors 


Rocket  with  Infrared  seeker,  rwn- 
nuclear  warhead 


Space  Surveillance  and  50«100  at  few  1000s  of 
Tracking  Satellite  km. 

(SSTS) 


High-resolution  sensors;  laser 
range-finder  and/or  Imaging 
radar  for  finer  tracking  of 
objects; 


Space-based  Interceptor 
Carrier 


Space-based  Neutral 
Particle  Beam  (NPB) 


Detector  Satellites 


1000s  at  100s  of  km 
altitudes 


lOs  to  100s  at  attitude 
similar  to  SSTS 


100s  around  particle 
beam  altitudes 


May  carry  battle  management 
computers 

Each  carries  about  10  small 
chemical  rockets  or  “KKVs”; 
at  tow  altitude;  tighter  and 
faster  than  in  phase  one 

Atomic  particle  accelerator 
(parturber  component  of 
interactive  discrimination; 
additional  sensor  satellites 
may  be  needed) 

Sensors  to  measure  neutrons  or 
gamma  rays  from  objects 
bombarded  by  NPB; 
transmitters  send  data  to 
SSTS  and/or  battle 
management  computers 


Ground-based  Lasers, 
Space-based  Mirrors 


I  Os  of  ground-based 
lasers;  10s  of  relay 
mirrors;  10s  to  100s 
of  battle  mirrors 


SOURCE:  Offict  of  Tochoolosy  ABBOtBmont,  IMS. 


Several  laser  beams  from  each 
of  several  ground  sites  bounce 
off  relay  mirrors  at  high 
altitude,  directed  to  targets  by 
battle  mirrors  at  lower 
altitudes _ _ 


Function 


Track  RVs  and  decoys,  pass 
Information  to  ground  battle 
management  computers  for 
launch  of  ground-based 
interceptors 

Cued  by  AOS,  track  RVs  as  they 
enter  atmosphere;  discriminate 
from  decoys,  pass  information 
to  ground  battle  managers 

Collide  with  RVs  inside 
atmosphere,  but  before  RV 
nuclear  detonation  cuuld 
cause  ground  damage 
Track  launched  boosters,  post¬ 
boost  vehicles,  and  ground  or 
space-launched  ASATa; 

Track  RVs  and  decoys, 
discriminate  RVs  from  decoys; 

Command  firing  of  weapons 

On  comma  d,  launch  rockets  at 
anti-satellite  weape*^ 
(attacking  BMD  system), 
boosters,  PBVs,  and  RVs 

Fire  hydrogen  atoms  at  RVs  and 
decoys  to  stimulate  emission 
of  neutrons  or  gamma  rays  as 
discriminator 

Measure  neutrons  or  gamma 
rays  emitted  from  RVs:  heavier 
objects  emit  measurable 
neutrons  or  gamma  rays, 
permitting  discrimination  from 
decoys 

Attack  boosters  and  PBVs 


der  attack  by  the  fewest  reentry  vehicles  re¬ 
maining  after  the  winnowing  by  the  space-based 
layer  (see  box  1-A).  In  this  way,  a  meaningful 
fraction  of  a  large  set  of  “point  targets”  (e.g., 
missfle  silos  or  command  posts)  might  be  pro¬ 
tected.  Such  a  strategy,  however,  would  require 
successful  discrimination  of  RVs  Jid  decoys 
by  the  first-phase  system  sensors— a  technol¬ 
ogy  that  remains  to  be  proven.  In  addition,  the 


Soviets  could  counter  the  strategy  if  th^  could 
modify  their  current  offensive  systems  and  de¬ 
ploy  substantial  numbers  of  maneuvering  reen¬ 
try  vehicles. 

Figure  1-3  presents  SDIO’s  description  of 
how  the  phases  of  SDI  deplc^mient  might  satis¬ 
fy  a  spectrum  of  strategic  goals.  In  evaluat¬ 
ing  the  desirability  of  the  goal  of  enhancing 
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Box  1-A.  “Adaptive  Preferential  Defense 

The  SDIO  has  proposed  that  a  first-phase  ballistic  missile  defense  system  (set  table  M)  employ  a  tactic 
of  “adaptive  preferential  defense.**  If  successfully  executed,  this  nictic  could  give  an  outnumbered  defense 
some  leverage  against  a  large  attp'dc. 

“Preferential  defense**  mean?  defending  only  a  selected  set  ot  high-v*due  targets  out  of  «  number 
of  targets  under  attack,  thus  concer<  ating  the  defensive  forces.  In  esse.ics.  some  targets  wf  alu  .nacnticed 
to  increase  the  chances  of  survir^al  others. 

“Adaptive  prefer«^ntial  deUz  ««**  means  deciding  during  '  .le  course  of  the  battle  which  targets  defend 
by  adapting  to  the  .Ustribution  of  th‘>  attacking  P V  s  aarheads)  the  aU' 'vive  carher  layers  o^  deh  nse. 

Of  the  high-vauao  targets  under  attack,  those  with  the  -vs  coming  at  them  are  defended  iirst. 


Two  Layers  of  Defense 

A  first-phasr  Strategic  De'  .ase .  ystem  (SDS)  would  Include  orb  i  tig  intarcaptoi  ?  tod-b^  interce^ 
tors.  The  orbiting  ir"-ercep*ord  woahl  first  destroy  a  small  fraction  the  rising  ^viet  m^sailc 
post-boost  vehicle :.  Since  the  S  JS  could  not  a-  this  ->tage  predict  the  targets  of  the  Sovirt  missUw.  the  d«en^ 
would  not  be  pi  aferetii.  1:  inrtead,  it  would  merely  snoi  -act  at  randem  some  wa-neads  from  the  Soviet  at-a^. 
Even  if  the  Soviets  had  Ldtia>ly  aimed  the  same  of  RVn  at  v#ach  target,  some  would  nave  been  t  JtereC 

out  by  the  first  layer  of  defense. 

Land-based  rockets  would  cany  other  interceptors  into  space  t.7  d  oy  RV s  t^t  surviv '  t  ^  ipace-basad 

attack.  Tracking  s-asors  would  determine  the  targets  of  the  RVs  to  within  swerrf  aattle  manrg^ 

ment  computers  would  determine  which  hi^value  targets  were  under  attack  by  cnly  ot'®  * -y  ®' '  • 
based  interceptors  against  them  Brat,  until  all  were  covered.  Then  the  computers  would  detennme  which  tar¬ 
gets  were  under  attack  by  two  RVs  end  assign  interceptors  to  them,  and  so  on.  In  this  way,  fe-  •  interce^rs 
would  be  wasted  defendii.g  t?rgeU  that  would  later  be  destroyed  an>wray  by  addi'  onal.  unmtercepced  RN  s. 

A  Simple  Example 

Suppose,  for  example,  that  2000  RVs  weie  atUcking  1000  targets,  with  I  RV  aimed  at  each  sf  5M  targets 
and  3  RVs  aimed  at  each  of  another  600  targets.  Assume  that  the  defense  had  only  -'f" 
with  a  100  percent  chenco  of  interception).  If  the  lefense  assigned  mterc.V‘«»’8  rmdomly  to  1000  o.  the  2000 
attacking  RVs.  abo.’ ;  312  targets  would  be  expected  to  survive  (60  percent  of  these  imdei  smgle-RV  att^ 
and  12.5  percent  of  those  under  3-RV  attack).  But  if  it  assigned  600  interceptors  to  defend  Ae  tarots  under 
a  single-R  v  aaUr**''  and  then  assigned  3  interceptors  each  to  defend  the  next  166  targets,  a  total  of  666  .-argets 
might  be  saved. 

The  SDI  Case 

Analysts  foi  SDIO  have  concluded  that  a  first-phase  system  applying  this  Uctic  could  prot^  a  useful 
fraction  of  selected  U.S.  targets  against  the  kind  of  attack  the  Soviets  are  predicted  to  be  able  to  carry  out 
in  the  mid-1990s. 

Some  Qualifying  CoUiUderationa 

If  feasible,  an  adaptive  preferential  defense  would  be  suitable  mainly  for  protecting  fractions  of  redundant, 
single-aimpoint  targets,  such  as  missile  silos,  command  posts,  or  other  isolated  mihtary  ms^ations.  Larg^ 
area,  soft  ^gets  (such  as  cities  or  large  military  installations),  would  presrat  so  mmy  potential  aimpomts 
that  defending,  say,  a  third  or  a  half  of  the  aimpointe  in  a  given  area  w^d  *>«  ^ 

of  the  that  vea.  tn  addition,  the  aimpoints  that  could  be  defended  wc^d  be  small  enough  that  the  blast  and 
fires  from  explotiing  nuclear  weapons  would  affect  neighboring  “soft”  target  areas. 

Scrioi's  onestions  also  remain  about  v^hether  SDIO’a  proposed  phase-one  BMD  system  could,  i» 
cessfuily  execjte  a  strategy  cf  adaptive  preferential  defense.  In  particular,  if  the  mfrai^ 
ing  sysiem  could  nci  rtiscriminate  between  Soviet  RVs  and  decoys,  many  of  the  ground-launched  mterceptcra 
would  be  v.  asted  on  decoys.  And  if  the  SovieU  could  deploy  many  maneuvenng  reentry  vehicles  d^g  toe 
operaUonal  period  of  the  first-phase  defense  system,  the  targeto  could  not  be  accurately  predicted  and  defended. 
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deterrence  by  forcing  modification  of  L'^viet 
attack  plans.  Congress  shoula  also  be  aware 
of  the  counter-arguments  to  that  position: 

•  Many  believe  that,  given  the  awesome 
consequences  of  nuclear  war  for  the  So¬ 
viet  Union  as  well  as  for  the  United  States, 
deterrence  does  not  require  enhancement 
because  the  U.S.  threat  of  nuclear  retali¬ 
ation  is  already  strong  enough  and  can  be 
kept  so  with  timely  strategic  offensive 
modernization. 

•  Soviet  military  planners  already  face  oper¬ 

ational  uncertftinties,  such  as  the  unrelia¬ 
bility  of  some  percentage  of  deployed 
missiles.  :• 

•  Other,  less  costly,  more  clearly  feasible, 
methods  of  complicating  Soviet  attack 
plans,  such  as  increased  mobility  for  U.S. 
strategic  forces,  may  be  aV'Jlable. 

•  A  corresponding  Soviet  deployment  of 
BMD  would  impose  uncertainties  and 
costs  on  U.S.  retaliatory  attack  plans. 

The  context  for  evaluating  the  goal  of  com¬ 
plicating  Soviet  attack  plems  changes,  how¬ 
ever,  if  one  accepts  the  point  of  view  that  it 
is  only  the  first  benefit  on  a  long-term  path 
toward  “mutual  eissured  survival.”  In  OTA’s 
view,  figure  1-4  illustrates,  somewhat  mars 
realistically  than  figure  1-1,  the  relative  levels 
of  defense  capability  over  time  to  be  expected 
from  phased  BMD  deployments,  assuming 
their  feasibility.  Whether  or  not  initial  capa¬ 
bilities  could  be  sustained  or  improved  upon 
depends  on  information  not  likely  to  be  avail¬ 
able  by  the  early  19908. 


Figure  l^.— OTA  Understanding  of  Projected  Roles 
of  BMD  Deployment  Phasss 


Technical  Feasibility  of 
Sensors  and  Weapons 

In  a  first-phase  system,  space-based  inter¬ 
ceptors  (SBI),  also  known  as  “hit-to-kill”  or 
“Idnetic  kill”  vehicles,  would  attack  mis.eJe 
boosters  and  post-boost  vehicles  (PBVs),  but 
not  their  dispensed  reentry  vehicles  (RVs).  The 
only  mid-course  interception  would  to  near  the 
end  of  that  phase  of  missile  trajectory  by 
ground-based,  exo-atr'iospheric  interceptors. 

Boost-Phase  Surveillance  and  Tracking  System 
(BSTS) 

It  appears  feasible  to  develop  by  the  mid 
1990s  Mgh  altitude  sateUites  that  would  tell 
lower  altitude  satellites,  or  possibly  SBIs 
themselves,  where  to  look  for  rising  missile 
boosters.  Complex  communications  links  among 
the  sateUites  may  be  necessary  to  avoid  enemy 
interference. 

Carrier  vehicles  (“garages”)  for  space-based 
hit-to-kiU  interceptors  could  receive  data  from 
the  BSTS  and  track  the  boosters  and  post¬ 
boost  vehicles  with  '..heir  own  mfi*ared  sensors 
and  laser  range-finders. 

Space-Based  Interceptors  (SBI) 

A  few  hundred  SBI  carriers  that  would  cany 
a  few  thousand  kill  vehicles  (rocket  intercep¬ 
tors)  might  destroy  a  modest  fraction  of 
viet  missile  warheads  in  the  boost  and  post¬ 
boost  phases.  Such  a  system  might  be  feasi¬ 
ble  to  deploy  starting  in  the  projected  first- 
phase  period,  but  questions  of  engineering  and 
cost  remain  unresolved.  For  example,  consid¬ 
erable  miniaturization  of  components  for  pro¬ 
pulsion,  guidance,  and  sensors  would  be  ne^ed 
to  make  a  rocket  fast  enough  to  reach  boost¬ 
ing  missiles  and  light  enough  to  be  affordably 
launched  into  space.  Recent  progress  toward 
such  miniaturization  appears  promising.  Sub¬ 
stantial  testing  of  prototype  weapons  would 
be  necessary  to  show  system  feasibility.  Once 
these  technologies  were  proven,  the  ^forda¬ 
ble  mass  production  of  rocket-carrier  vehicle 
systems  for  space  deployment  maintenance 
would  remain  a  major  chaUenge. 
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Exo-atmospheric  Reentry  Interceptor  System 
<ERIS) 

The  Homing  Overlay  Experiment  of  1984 
and  subsequent  development  work,  sugjest 
that  it  is  feasible  to  design  a  ground-launched 
interceptor  capable  of  homing  in  on  objects  in 
space  under  favorable  conditions.  Such  weap¬ 
ons  could  make  up  an  Exo-atmospheric  Re¬ 
entry  Interceptor  System,  or  ERIS.  More  re¬ 
search,  testing,  and  engineering  remain  to  be 
done  before  the  United  States  will  know  if  the 
interct  ptor  homing  warheads  can  be  produced 
cheaply  enough  to  be  affordable  in  large  num- 
oers.  TTie  ERIS,  however,  is  likely  to  be  deploy¬ 
able  before  space-based  BMD  interceptors. 

Under  study  a.  e  both  space-based  and  ground- 
launched  infrared  sensor  systems  and  ground- 
based  radars  to  direct  ERIS  interceptors  to 
the  vicinity  of  their  targets.  Both  the  satellite 
and  ground-based  .systems  remain  to devel¬ 
oped,  tested,  anc  affordably  produce.  Up¬ 
graded  versions  of  now  existing  ground-bas^ 
radars  might  also  provide  initial  tracking  in¬ 
formation  to  the  interceptors. 

Ilk  this  first-phase  architecture,  the  ERIS 
would  rely  on  radars  or  on  passive  infrared 
detection  ai  d  tracking  of  potential  targets. 
Whether  or  not  these  sensors  could  adequately 
discriminate  lietween  decoys  and  RVs  dis¬ 
guised  as  decoys  remains  to  be  demonstrated. 
Without  such  discrimination,  decoys  could 
probably  cause  serious  problems  for  this  late 
mid-course  layer  of  defense.  Developing  a  decoy 
system  like  this  is  within  Soviet  capabilities. 
Even  with  good  discrimination  by  external  sen¬ 
sors,  the  homing  sensor  on  the  interceptor  it¬ 
self  would  need  to  find  the  genuine  RV  if  it 
were  traveling  within  tens  of  meters  of  other, 
closely  spaced  objects.  In  general,  many  sci¬ 
entists  and  engineers  working  on  the  SDI  have 
agreed  that  such  countermeasures  may  well 
be  feasible  for  the  Soviets  in  the  near  term. 
However,  both  within  emd  outside  SDIO  there 
is  some  dissent  on  the  potential  type,  quality, 
number,  and  deployment  times  of  ^viet  coun¬ 
termeasures. 

There  is  widespread  agreement  that  much 
more  experimentaton  is  needed  on  missile 


“penetration  aids”  such  as  decoys.  Very  little 
SDI  money  has  gone  to  the  design,  construc¬ 
tion,  and  testing  of  penetration  aids,  although 
a  full  understanding  of  their  potential  and  li^- 
tations  would  be  key  to  developing  and  evalu¬ 
ating  the  effectiveness  of  a  BMD  system. 

Besides  decoys,  ERIS  interceptors  could 
face  many  other  false  targets,  particularly 
those  generated  by  debris  from  PBV  activity, 
from  intercepts  made  earlier  in  the  boost  phase 
by  the  SB  Is,  or  from  deliberate  Soviet  coun¬ 
termeasures.  Warm  objects  in  the  field  of  view 
of  the  ERIS  interceptor’s  sensors  might  ^s- 
tract  it  from  its  target  R  V,  even  if  it  had  origi¬ 
nally  been  correctly  pointed  toward  the  RV  by 
a  probe  or  Space  Surveillance  and  Tracking 
System  (SSTS)  sensor. 

Software  Feasibility 

In  the  first-phase  system  designs  now  un¬ 
der  consideration  fur  SDI,  hundreds  of  satel¬ 
lites  would  have  to  operate  automatically  and, 
at  the  same  time,  coordinate  their  actions  with 
those  of  other  satellites.  The  battle  manage¬ 
ment  system  would  have  to  track  hundreds  of 
^  housands  of  objects  and  decide  when  and  how 
to  attack  thousands  of  targets  with  little  or 
no  human  intervention. 

Among  the  most  challenging  software  tasks 
for  such  a  first-phase  system  would  be  design¬ 
ing  programs  for  the  largely  autonomous  oper¬ 
ation  of  hundreds  of  satellites.  But  even  for 
ground-based  components  of  the  system,  the 
number  of  objects,  the  volume  of  space,  and 
the  brevity  of  time  would  preclude  most  hu¬ 
man  participation  in  battle  management.  Ho¬ 
mans  would  decide  at  what  alert  status  and 
state  of  activation  to  place  the  system.  Once 
the  battle  began,  computers  would  decide 
which  weapons  to  use  when,  and  against  what 
targets. 

A  first-phase  system  would  have  the  advan¬ 
tage  of  a  simpler  battle  management  problem 
than  that  of  more  advanced  BMD  systems.  In 
particular,  the  space-based  segment  of  the  sys¬ 
tem  would  not  attempt  to  track  and  discrim¬ 
inate  among  hundreds  of  thousands  of  mid- 


course  objects,  or  to  assign  weapons  to  any 
of  them.  The  distribution  of  SSI  carrier  vehi¬ 
cles  would  be  so  sparse  that  the  targets  within 
its  range  would  not  be  in  the  range  of  neigh¬ 
boring  carrier  vehicles.  It  could,  for  the  most 
part,  safely  shoot  at  a  target  within  its  own 
range  without  the  risk  that  some  other  vehi¬ 
cle  had  shot  at  the  same  target.  Some  coordi¬ 
nation  among  carrier  vehicles  would  still  be 
necessary  because  the  continual  relative  mo¬ 
tion  of  carriers  and  targets  would  leave  some 
ambiguities  about  which  targets  were  most 
appropriate  for  each  carrier  to  fire  interceptors 
at. 

Although  a  first-phase  system  would  have 
simpler  tasks  than  a  later  system,  its  software 
would  still  be  extremely  complex.  The  nature 
of  software  and  experience  with  large,  complex 
software  systems,  including  weapon  systems, 
together  indicate  that  there  would  always  be 
irresolvable  questions  about  how  dependable 
BMO  software  was,  and  also  about  the  confi¬ 
dence  we  could  place  in  dependability  esti¬ 
mates.  Existing  large,  complex  software  sys¬ 
tems,  such  as  the  U.S.  long-^stance  telephone 
system,  have  become  highly  dependable  only 
after  extensive  operational  use  and  modifi¬ 
cation. 

Extrapolating  from  past  experience  with 
software,  it  appears  to  OTA  that  the  complex¬ 
ity  of  BMD,  the  uncertainty  end  changeabil¬ 
ity  of  the  requirements  it  mu.^l  meet,  and  the 
novelty  of  the  technology  it  must  control  would 
impose  a  significant  probability  of  software- 
induced  catastrophic  failure  in  the  system’s 
first  real  battle.  The  issue  for  SDI  is  the  de¬ 
gree  of  confidence  in  the  system  that  simula¬ 
tions  and  partial  testing  could  provide.  SDIO 
officials  argue  that  such  tests  will  permit  ade¬ 
quate  confidence  and  that  this  issue  is  no  more 
serious  for  the  SDI  than  for  all  advanced  mili¬ 
tary  systems  developed  to  date. 

Computer  simulations  would  play  a  key  role 
in  all  phases  of  a  BMD  system’s  life  cycle  Bat¬ 
tle  simulations  on  a  scale  needed  to  represent 
realistically  a  full  battle  have  not  yet  been  at¬ 
tempted.  Whether  or  not  sufficiently  realistic 
simulations  can  be  created  is  a  hotly  debated 


question.  In  particular,  it  is  diffiatlt  for  OTA 
to  see  how  real-world  data  could  be  gathered 
to  validate  simulations  of  the  phenomena  that 
must  be  accounted  for,  such  as  multiple  enemy 
missile  launches,  nuclear  explosion-induced 
backgrounds,  and  enemy  choices  of  counter¬ 
measures.  The  differences  between  BMD  soft¬ 
ware  and  previous  complex  software  that  is 
considered  dependable  suggests  to  some  ex¬ 
perts  that  BMD  software  might  never  be  able 
to  pass  even  its  peacetime  tests.  It  should  also 
be  noted,  however,  that  both  the  United  States 
and  the  Soviet  Union  now  base  deterrence  on 
an  offensive  nuclear  delivery  system  that  has 
never  been  operationally  test^  either. 

While  the  United  States  could  not  be  cer¬ 
tain  that  a  BMD  system  would  work  a.s  in¬ 
tended,  the  Soviets  could  not  be  certain  that 
it  would  not.’  If  they  had  at  least  some  reason 
to  believe  the  U.S.  BMD  system  might  be  ef¬ 
fective,  they  might  be  more  deterred  from  at¬ 
tacking  than  before.  On  the  other  hand,  the 
United  States  would  not  wart  to  base  a  major 
change  in  its  nuclear  strategy  on  a  BMD  sys¬ 
tem  in  which  it  had  little  confidence.  In  the 
case  of  a  first-phase  system,  whose  effect  on 
the  strategic  balance  would  be  small  anyway, 
the  risk  of  software-induced  system  failure 
might  seem  acceptable. 

The  SDIO  sees  software  problems  as  chal¬ 
lenges  to  be  overcome  rather  than  as  insur¬ 
mountable  obstacles  to  effective  BMD.  It  is 
supporting  some  software  research  intended 
to  address  the  challenges.  Others  argue  that 
the  limitations  of  software  engineering  tech¬ 
nology  and  its  relatively  slow  rate  of  improve¬ 
ment  make  it  unlikely  that  dependable  BMD 
software  could  be  produced  in  the  foreseeable 
future.  Thus  far,  no  new  software  engineering 
developments  have  appeared  to  contradict  the 
latter  view. 

Survivability  of  a  First-Phase  Systeno 

The  survivability  of  any  BMD  system  will 
not  be  an  all-or-nothing  quality.  The  question 

Unless  they  had  high  confidence  in  the  potential  effective^ 
ness  of  a  secretly  deployed  count'^rmeasure  (perhaps  a  software 
bug  planted  by  a  saboteur  programmer). 
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wiU  be  whether  enough  of  a  system's  assets 
would  survive  for  it  to  carry  out  its  mission. 
The  issue  would  then  turn  on  whether  the  de¬ 
fense  could  make  attacking  the  BMD  system 
too  costly  for  the  offense,  or  whether  the  of¬ 
fense  could  make  defending  the  BMD  system 
to  costly  for  the  defense.  (On  the  other  hand, 
if  the  United  States  and  the  Soviet  Union 
agreed  to  coordinate  offensive  weapon  reduc¬ 
tions  and  defensive  deployments,  they  might 
do  much  to  ameliorate  BMD  survivabil'ty 
problems.) 

To  protect  satellites,  the  defense  might  em¬ 
ploy  combinations  of  such  techniques  as  eva¬ 
sive  maneuver,  tracking  denial,  mechanical 
shielding,  radiation  hardening,  eWtronic  and 
optical  countermeasures,  and  shoot-back.  Cate¬ 
gorical  statements  that  these  techniques  will 
or  will  cot  make  any  BMD  system  adequately 
and  affordably  sorvivable  are  not  credible. 
Judgments  on  specific  cases  would  depend  on 
the  details  of  entire  offensive  and  defensive  sys¬ 
tems  and  estimates  of  the  techniques  and  tac¬ 
tics  that  the  opponent  would  employ. 

Space  Mines 

A  soace  mine  is  a  satellite  that  would  trail 
another  satellite  and  explode  lethally  either  on 
command  or  when  itself  attacked.  Space  mines 
may  or  may  not  prove  a  viable  threat  to  space- 
based  BMD  systems.  Although nuc/ear  space 
mines  would  be  e  ver>'  stressing  threat,  much 
more  analysis  would  be  needed  to  clarify  the 
question  of  the  viability  of  space  mines.  After 
repeated  attempts  to  locate  such  analysis 
within  the  SDIO  or  among  its  contractors, 
OTA  concludes  that  it  has  not  yet  been  ade¬ 
quately  performed. 

Anti-Satellite  Weapons  (ASATs) 

There  is  ^ridespread  agreement  among  ex¬ 
perts  on  Soviet  military  practices  that  the  ini¬ 
tial  Soviet  response  to  U.S.  BMD  deployments 
would  not  be  to  try  to  develop  and  deploy  sys¬ 
tems  based  on  similar  technology.  They  would 
instead  attempt  a  variety  of  less  sophisticated 
countermeasures.  These  might  indude  exten¬ 
sions  of  their  current  co-orbital,  pellet-warhead 
anti-satellite  weapon  ( ASAT),  or  else  a  ground- 


launched  nudear-armed  ASAT  (or  “DAN  ASAT,” 
for  "Direct  Ascent  Nuclear  Anti-satellite" 
weapon). 

The  susceptibility  of  a  BMD  satellite  sys¬ 
tem  to  degradation  by  DAN  AS  AT  attack 
would  depend  on  many  complex  factors,  in¬ 
cluding: 

•  the  maneuvering  and  decoying  capabil¬ 
ities  and  the  structural  hardness  of  the 
BMD  satellites; 

•  the  precision  and  reaction  time  of  Soviet 
space  surveillance  satellites;  and 

•  the  speed,  numbers,  decoying  capabilities, 
and  warhead  power  of  the  DAN  ASATs. 

Depending  on  target  hardness,  the  radius  of 
lethality  of  a  nuclear  warhead  could  be  so  great 
that  the  ASATs  might  need  only  inertial  guid¬ 
ance  (they  need  not  home  in  on  or  be  externally 
guided  to  the  BMD  asset).  Thus  they  would 
not  be  susceptible  to  electronic  countermeas¬ 
ures  against  homing  sensors  or  command  guid¬ 
ance  systems.  It  appears  that,  at  practical 
levels,  maneuvering  or  radiation  shielding  of 
low-altitude  satellites  would  not  suffice  against 
plausible  numbers  of  rapidly  ascending  nuclear 
ASATs. 

There  appears  to  be  no  technical  reason  why 
the  Soviets,  by  the  mid-1990s,  could  not  de¬ 
ploy  D  ANASATs  with  multiple  decoys  among 
the  nuclear  warheads.  Multiple  decoys  would 
likely  exhaust  the  ability  of  the  defenders  to 
shoot  back  at  the  attack— unless  extremely 
rapid  discrimination  of  decoys  and  warheads 
were  possible.  It  would  be  difficult  to  deny 
track&g  of  or  to  decoy  near-earth  satellites, 
especially  large  sensor  platforms,  if  they  were 
subjected  to  long  periods  of  siu^rillance.  If  de¬ 
ployed  while  the  satellites  were  under  attack, 
satellite  decoys  would  fi  equently  not  have  time 
to  lure  DANASATs  far  enough  away  from  the 
real  targets. 

If  several  SSTS  satellites  were  a  key  element 
of  a  first-phase  BMD  system,  they  would  be 
the  most  vulnerable  elements.  Otherwise,  the 
most  vulnerable  elements  of  a  first-phase  BMD 
^stem  would  be  the  carrier  vehicle  satellites 
for  the  interceptors.  The  carrier  vehicles,  or 
eVs,  as  well  as  sensor  satellites  (BSTS  and 
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SSTS)  might  <>  aploy  combinatioiis  of  various 
defense  mechanisms  against  the  ASAT  threat. 
The  SDIO  argues  that  such  combinations  of 
measures  potentially  offer  a  high  degree  of  sur* 
vivability  to  space-based  BMD  system  com¬ 
ponents. 

For  the  near-term,  however,  no  prototypes 
exist  for  carrier  vehiebs  with  these  character¬ 
istics;  the  issue  for  SDI  is  whether  in  the  1990s 
such  satellites  could  be  developed,  produced, 
and  deployed.  The  Soviets,  on  the  other  hand, 
have  already  demonstrated  the  ability  to  field 
DANASATs  by  deplo3rmg  rapidly  accelerat¬ 
ing,  nuclear-armed  anti-ballistic  missiles  near 
Moscow  over  15  years  ago  and  recently  up¬ 
grading  that  system.  Newer  ballistic  missOes, 
relying  on  mature  technology,  might  also  be 
adapt^  to  this  purpose.  More  advanced 
DANASATs  appear  feasible  for  the  Soviets 
by  the  mid-1990s. 

DANASATs  would  be  a  stressing  threat 
against  first-phase  BMD  systems  and  could 
probably  degrade  severelv  t  he  performance  of 
such  systems.  The  SDIO  ar,;aes,  however,  that 
strong  survivability  nieas  es  in  the  defensive 
system  could  successfully  counter  this  threat. 

The  Soviets  might  also  consider  gradual  at¬ 
trition  of  the  system  in  “peacetime."  They 
might  use  co-orbital,  non-nuclear  ASATs  or 
ground-based  laser  ASAT  weapons  to  take 
“potshots"  at  the  carrier  vehicles. 

Attack  During  Deployment 

Should  the  Soviets  deem  U.S.  space-based 
BMD  depioymmts  to  be  sufficiently  threat¬ 
ening  to  their  national  security,  they  might  re¬ 
sort  to  attack  before  the  system  was  fi^y  de¬ 
ployed.  Whether  they  waited  for  full  deployment 
or  not,  in  the  first-phase  architecture  SBI  car¬ 
rier  vehicles  would  be  so  sparse  that  they  would 
probably  have  only  limit^  abilities  to  help  de¬ 
fend  one  another,  although  each  might  to  some 
extent  defend  itself.  Other  survivability  meas¬ 
ures,  however,  might  offer  some  protection. 


Attacks  on  nround-Laucched  Systems 

Insofar  as  the  ERIS  ground-launched  inter¬ 
ceptor  relied  on  fixed,  ground-based  early  warn¬ 
ing  radars  for  launch-commit  information,  its 
effectiveness  could  be  greatly  reduced  by  nu¬ 
clear  or  jamming  attacks  on  those  radars. 

Use  of  Comparable  Technologies 

Responses  to  threats  from  comparable  So¬ 
viet  weapon  systems  have  not  been  defined  by 
the  SDIO  or  its  contractors.  Indeed,  a  work¬ 
ing  assumption  of  SDIO  research  and  analy¬ 
sis  has  been  that  the  United  States  could  and 
would  maintain  a  consistent  lead  over  the  So¬ 
viet  Union  Li  BMD  technologies  for  the  indefi¬ 
nite  future.  Because  the  Soviets  lag  in  some 
of  the  technologies  required  for  a  space-based 
BMD  system,  it  seems  unlikely  that  they 
would  attempt  to  deploy  SB  Is  for  BMD  in  the 
1990s.  A  mese  attractive  option  for  them  might 
be  to  deploy  kinetic-idll  vehicles  as  a  defense 
suppression  system  rather  than  as  a  BMD 
system— -a  less  difficult  task. 

They  could  then  choose  orbital  configura¬ 
tions  designed  to  give  their  weapons  temporary 
local  numerical  advantages  ova*  the  U.S.  BMD 
system.  In  a  shoot-out  between  the  systems, 
at  a  time  of  their  choosing,  the  Soviets  might 
then  eliminate  or  exhaust  those  SBI  carrier  ve¬ 
hicles  within  range  of  a  Soviet  ICBM  launch 
salvo.  Effective  non-nuclear  ASATs  would, 
however,  require  good  space  surveillance  ca¬ 
pabilities.  If  a  BMD  system  were  to  cohabit 
space  with  a  competent  defense  suppression 
system  (possibly  embodying  a  lower  technical 
capability),  the  side  that  struck  first  might 
eliminate  the  other. 

The  fact  that  a  lower  level  of  technology 
would  be  needed  for  defense  suppression  than 
for  BMD  could  drive  a  race  to  control  access 
to  space  as  soon  as  possible.  For  example,  U.S. 
space-based  ASATs  might  be  needed  to  pre¬ 
vent  Soviet  ASAT  deployments  that  could  in 
turn  interfere  with  U.S.  BMD  deplo)unents. 
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SECOND-PHASE  TECHNOLOGIES  AND  SYSTEMS 
(OTA  Estimates  Approximately  2000-10) 


Goals 

The  goal  of  a  phtse-two  system  would  be  to 
“enhance  deterrence,”  first  by  imposing  un¬ 
certainty  on  Soviet  strategic  attack  plans,  then 
by  denying  the  Soviets  the  ability  to  destroy 
“militarily  significant”  portions  of  important 
sets  of  targets  (such  as  missile  silos  or  com¬ 
mand  and  control  nodes)  in  the  United  States. 
As  a  result,  the  Soviets  would  retain  the  abil¬ 
ity  to  inflict  massive  damage  on  the  U.S.  econ¬ 
omy  and  population,  but  would  lack  the  ability 
to  accomplish  certain  precise  military  objec¬ 
tives.  At  least,  such  denial  should  decrease 
whatever  incentives  may  now  exist  for  the 
Soviets  to  commit  nuclear  aggression  (though 
analysts  disagree  on  whether  such  incentives 
do  DOW  exist);  at  best,  the  Soviets  might  be 
induced  to  negotiate  away  their  militai^y  ob¬ 
solescent  missiles. 

If  the  Soviets  believed  they  could  restore 
their  compromised  military  capabilities  at  an 
accept  able  price,  they  might  attempt  to  do  so 
by  adding  new  offensive  weapons  and  by  at¬ 
tempting  both  active  and  passive  countermeas¬ 
ures  against  the  U.S.  BMD  system.  Even  if 
they  did  not  believe  they  could  recapture  lost 
military  capabilities,  but  only  believed  that 
they  were  in  danger  of  losing  any  credible  nu¬ 
clear  retaliatory  power  against  the  United 
States,  they  might  still  attempt  to  employ 
BMD  coimtermeasures.  If,  Lowever,  they  con¬ 
cluded  that  countermeasures  would  be  futUe, 
they  might,  as  conjectured  in  the  “SDI  sce¬ 
nario,”  agree  to  mutual  offensive  arms  reduc¬ 
tions  as  a  way  of  containing  the  U.S.  threat. 
In  that  case,  BMD  combined  with  effective  air 
defenses  might  offer  muchhigher  levels  of  pro¬ 
tection  of  notary  and  even  civilian  targets. 

Currently  available  BMD  technology  for 
nuclear-armed,  ground-based  interceptors  would 
probably  allow  the  United  States  to  build  a 
system  that  could  deny  the  Soviets  confidence 
in  destroying  substantial  fn  ctions  of  certain 


sets  of  hardened  or  mobile  targets.*  An  SDI 
“phase-one,”  non-nuclear  system  may  also  be 
able  to  provide  such  protection.  This  is  more 
likely  to  be  the  case  if  the  defense  could  be  con¬ 
figured  to  defend  subsets  of  targets  preferen¬ 
tially,  and  in  such  a  way  that  the  Soviets  could 
not  detect  which  targets  were  defended  more 
heavily.  Moreover,  if  the  Soviets  continued  tc 
aim  weapons  at  highly  defended  targets,  they 
would  have  fewer  weapons  left  over  to  aim  at 
softer  military  and  civilian  targets. 

There  is  less  evidence  that  the  United  States 
could  deny  the  Soviets  the  alnlity  to  strike  witli 
high  confidence  at  many  other  l^ds  of  militar¬ 
ily  valuable,  but  more  vulnerable,  targets. 
There  are,  however,  many  ideas  and  some 
promising  technologies  for  pursuing  this  goal. 

Achieving  the  strategic  goals  of  this  kind 
of  system  implies  air  defenses  of  comparable 
potential.  Otherwise,  except  for  the  most  ur¬ 
gent  targets,  the  Soviets  could  shift  strategic 
missions  from  ballistic  to  cruise  missiles. 

Technical  Feasibility 
Airborne  Optical  System  (AOS) 

An  airborne  infi-ared  sensor  system  would 
teU  ground-based  radars  where  to  look  for  re¬ 
entering  objects.  Such  a  system  appears  tech¬ 
nically  feasible  during  the  19908.  The  infi'ared 
sensors,  however,  might  be  subject  to  confu¬ 
sion  by  high-altitude  light-scattermg  ice  crys¬ 
tals  crea^  as  debrie  reentered  the  atmos- 
pb«o,  or  by  nuclear  detonations  intended  to 
blind  the  system. 

Ground-Based  Radar  (GBR) 

Imaging  radar  systems  would  obsove  lighter 
decoys  slowing  down  more  qtiickly  than  gen- 


*See  U,S.  Cosgress,  Office  of  Tecbuclcgy  Auseddi&eut,  DsJ- 
listic  Miasije  Defense  Technologies,  OTA-ISC‘254  (Washing- 
ton,  DC;  U.S.  Govenunent  Printing  Office,  September  1985), 
pp,  33-34, 


uine  RVs.  Computers  using  this  information 
would  launch  very  high  acceleration  rockets 
(HEDI)  with  infrared  homing  sensors  toward 
the  RVs.  Tests  to  date  indicate  thst  such  ra¬ 
dars  are  feasible,  but  unresolved  questions  in¬ 
clude  their  susceptibility  to  interference  from 
nuclear  burst,  to  jamming  by  radio-frequen<gr 
jammers  on  incoming  warheads,  to  signal¬ 
processing  overloads  created  by  many  simul¬ 
taneously  reentering  objects,  and  to  deception 
by  carefully  designed  RV’s  and  decoys. 

High  Endo-atmospheric  Interceptor  (HEDI) 

,  A  rocket-borne  high  endo-atmospheric  de 
fense  interceptor  wo^d  attack  incoming  RVs 
after  they  had  begun  to  reenter  the  atmosphere. 

Because  the  rising  interceptor’s  friction  with 
the  atmosphere  wovJd  cause  it  to  heat  up,  a 
cooled  crystal  window  would  have  to  prot^ 
its  homing  sensor.  Experiments  suggest  tdiat 
such  windows  are  feasible,  although  research¬ 
ers  have  not  yet  established  whether  chey  could 
be  rapidly  mass-produced. 

Because  the  HEDI  would  have  a  limited  ”di- 
vert”  capability,  the  sensor  system  would  need 
to  give  it  a  very  accurate  target  track.  A  rela¬ 
tively  short-range  ground-based  radar,  using 
the  upper  atmosphere  as  a  discriminant  against 
decoys,  might  be  the  easiest  way  to  provide 
such  a  tra(£.  This  tracking  method,  however, 
would  restrict  each  interceptor  to  protecting 
a  relatively  small  area.  Intensive  coverage  of 
all  U.S.  territory  would  demand  too  many  ^ou- 
sends  of  missiles.  Instead,  the  HEDI  mission 
would  be  to  “mop  up”  small  numbers  of  war¬ 
heads  leaking  through  the  earlier  defensive 
layers.  Thus  ^e  most  useful  mission  for  HEDI 
might  be  to  protect  specific,  localized  targets, 
such  as  ICBM  silos. 

SDIO  officials  point  out,  however,  that  pas¬ 
sive  infrared  sensors  or  long-range  radars  may 
be  able  to  discriminate  between  RVs  and  de¬ 
coys  m  space.  Then  the  High  Endo- Atmospheric 
Interceptor  co'dd  be  committed  earlier  and 
thus  defend  a  much  larger  area.  Nevertheless, 
in  order  to  avoid  the  impression  of  providing 
a  defense  designed  primarily  to  protect  hard¬ 
ened  strategic  targets,  rather  than  U.S.  terri¬ 


tory  in  general,  the  SDIO  elected  to  omit  the 
HEDI  and  its  associated  sensors  (AOS  and  a 
terminal  imaging  radar  or  TIR)  from  its 
proposals  for  a  first-phase  BMD  system.*  Tech¬ 
nically,  however,  initial  deployments  in  the  late 
1990s  period  appear  plausioL. 

SSTS  and  RV/Decoy  Discrimination 

A  phase-two  system  would  add  to  the  first- 
phase  architecture  dozens  of  space-based  sen¬ 
sors  that  could  accurately  track  thousands  of 
RVs  and  decoys  from  the  moment  of  their  de- 
plo}rment  from  the  PB  Vs.  Such  sensors  would 
require  electro-optical  focal  planes  of  unprece¬ 
dented  size,  or  high-resolution  laser  radar 
systems,  and  considerable  signal  processing 
ability. 

It  seems  likely  that,  by  the  time  a  substan¬ 
tial  U.S.  BMD  system  coidd  be  In  place,  the 
Soviets  could  deploy  many  reentry  vehicle  de¬ 
coys  and  RVs  ^sguised  as  decoys.  Unless 
these  RVs  and  decoys  could  be  destroyed  on 
their  boosters  and  post-boost  vehicles,  some 
means  of  distinguishing  between  them  would 
have  to  be  developed.  Otherwise,  the  defense’s 
ammunition  woidd  be  quickly  exhausted. 

In  the  terminal,  “endo-atmospheric”  phase 
of  intercq>tion,  the  atmo^here  mij^t  filter  out 
all  but  the  heaviest  and  most  sopldisticated  de¬ 
coys.  But  too  many  reentering  objects  might 
overwhelm  local  defensive  sensors  and  weap¬ 
ons.  In  sum,  effective  discrimination  in  the 
mid-course  of  ballistic  missile  trajectories 
would  be  necessary  to  a  highly  effective  BMD 
system. 

One  proposed  technique  for  RV/decoy  dis¬ 
crimination  is  a  laser  radar  system  that  might 
observe  the  movements  of  RVs  and  decoys  as, 
or  after,  they  were  dispensed  from  PBVs.  Sub¬ 
tle  differences  in  the  behaviors  of  the  less  mas¬ 
sive  decoys  might  give  them  away.  Conceal¬ 
ing  deplo3rments  off  PBVs  or  other  tactics 
might  counter  this  technique,  but  much  re¬ 
search  both  on  decoy  technologies  and  space- 
borne  laser  radars  be  needed  to  judge  the 
potential  of  either. 

’LL  General  James  Abrakamson,  peraonal  communication  to 
OTA  staff.  July  7, 1987. 


t  Various  methods  of  passive  and  active  dis* 

i  crimination  have  been  suggested,  including 
I  multipl*  wave-length  infrai^  sensors,  laser  ra* 

\  dar,  and  microwave  radar.  But  if  the  Soviets 
j  could  build  sufficiently  sophisticated  decoys, 

I  differentiating  decoys  and  RVs  might  be  im- 
possible  without  some  means  of  externally  per- 
i  turbing  all  the  objects  being  tracked  and  ob¬ 
serving  differences  in  how  they  react  to  such 
perturbations.  This  technique  is  known  us  “in- 
i  ter  active  discrimination.” 

I  So  far  there  is  no  proven  candidate  system 

for  the  task  of  interactive  discrimination.  The 
I  program  receiving  the  most  funding  has  been 
j  the  neutral  particla  beam  (NPB).  In  this  con- 
i  cept,  a  space-based  atomic  accelerator  would 

fire  high-energy  neutral  hydrogen  or  deuterium 
atoms  at  suspect  objects.  A  sensor  would  then 
detect  the  neutrons  or  gamma  rays  emitted 
from  heavier  objects  struck  by  the  hydrogen 
j  atoms.  A  hundri^  or  more  NPB  platforms,  and 
perhaps  several  hundred  sensor  satellites, 
would  be  needed  for  a  complete  system.  It  may 
be  more  appropriate  to  consider  such  a  sys¬ 
tem  for  a  phase-three,  rather  than  phase-two, 
BMD  architecture. 

A  space  test  of  a  subscale  NPB  platform  was 
scheduled  for  the  early  1990s,  although  recent 
budget  cutbacks  have  made  the  experiment’s 
status  unclear.  Key  issues  determining  the  fea¬ 
sibility  of  NPB  systems  wiU  include  cost,  the 
rapid  and  precise  ability  to  point  the  beams 
at  thousands  of  objects  in  a  few  tens  of  min¬ 
utes,  and  the  ability  to  gather  and  correlate 
the  return  information. 

Other  interactive  discrimination  ideas  in¬ 
clude,  for  example,  space-based  high  energy 
lasers  that  would  “tap”  target  objects,  "^e 
greater  recoil  of  lightweight  decoys  would  give 
them  away. 

Kinetic  Energy  Weapons 

Missile  boosters  that  completed  their  boost 
phase  in  about  120  to  140  seconds— slightly 
faster  than  current  modem  ICBMs— would 
greatly  reduce  the  effectiveness  of  rocket- 
propeUed  SB  Is  in  the  boost  phase.  They  could 
still  intercept  post-boost  vehicles.  However, 


fast  RV  dispensing  technologies  could  reduce 
kill  in  the  post-boost  phase.  On  the  other  hand, 
if  such  countermeasures  had  forced  the  Soviets 
to  greatly  reduce  missile  payloads,  mid-course 
discrimination  might  become  easier:  then  the 
Soviets  could  only  afford  to  deploy  fewer,  less 
sophisticated  decoys.  Iviproved  SBIs,  even 
though  ineffective  aga  nst  boosters,  could  be 
useful  in  the  mid-course.  They  would  require 
long-wave  infrared  sensors  for  homing  in  on 
small,  cold  RVs.  Alternatively,  laser  designa¬ 
tors  on  sensor  satellites  might  illuminate  RVs 
with  light  that  SBI  sensors  could  see  and  track. 

It  seems  likely  that  by  roughly  the  period 
projected  for  the  first  phase  ERIS  (Exo-atmos- 
pheric  Reentry  Interceptor  System)  missiles 
could  be  refined  to  the  specifications  now  en¬ 
visioned.  Provided  that  the  challenge  of  RV- 
decoy  discrimination  had  been  overcome,  they 
would  begin  to  provide  an  important  layer  of 
missile  defense.  If  the  discrimination  problem 
could  not  be  solved,  ERIS  interceptors  would 
be  of  doubtful  utility.  If  it  could  be  solved, 
ERIS  effectiveness  in  phase  two  would  be 
much  greater  than  in  phase  one. 

The  question  for  HEDI  in  the  phase-two 
period  is  whether  the  Soviets  coidd  deploy 
many  maneuvering  reentry  vehiclec  to  evade 
the  system  and  sophisticated  reentry  decoys 
to  deceive  it.  The  more  effective  the  earlier 
defensive  layers  might  be,  the  less  the  Soviets 
could  afford  to  use  precious  missfle  payload 
weights  on  heavier  RVs  and  decoys.  However, 
numerous,  e\.  en  slightly,  maneuvering  reentry 
vehicles,  especially  with  depressed  missile 
trajectories,  could  probably  evade  HEDIs  un¬ 
less  the  interceptors  were  equipped  with  nu¬ 
clear  warheads. 

Software  Feasibility 

A  phase-two  BMD  system  such  as  envisaged 
here  would  need  to  account  for  hundreds  of 
thousands  (or  more)  of  objects  as  they  were 
dispensed  into  space.  It  would  require  a  highly 
complex  communications  net  for  keeping  tra^ 
of  all  BMD  space  assets,  boosters,  PBVs,  RVs, 
decoys,  and  space  debris,  then  assigning  weap¬ 
ons  to  intercept  the  selected  targets.  Concepts, 
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but  so  far  no  genuine  designs,  exist  for  “parti* 
tioning”  the  battle  space  into  local  networks 
of  sensors  and  weapons  (taking  into  account 
that  different  combinations  of  satellites  would 
be  constantly  shifting  in  and  out  of  given  re¬ 
gions  of  space). 

Ip  terms  of  sheer  computing  power,  con¬ 
tinued  advances  seem  likely  to  provide  the 
processing  capacities  needed  for  advanced 
BMD.  The  most  difficult  hardware  engineer¬ 
ing  task  will  be  to  combine  the  qualities  of  high 
capacity  and  radiation  hardness  in  spaceKiual- 
ified  electronics. 

A  BMD  designed  for  boost,  post-boost,  mid¬ 
course,  and  terminal  battle  is  likely  to  be  the 
most  complex  system  ever  constructed.  In 
OTA's  judgmost,  there  would  be  no  precedents 
for  estimating  the  likelihood  of  the  BMD  soft¬ 
ware  system’s  working  dependably  the  Hrst 
time  it  was  used  in  a  real  battle.  Moreover,  no 
adequate  models  for  the  development,  iwoduc- 
tion,  test,  and  maintenance  of  software  on  the 
scale  needed  currently  exist.  The  ^stem’s  com¬ 
plexity,  coupled  with  the  need  to  automate  the 
use  of  technologies  previously  unused  in  bat¬ 
tle,  might  result  in  unforeseen  problems  dom¬ 
inating  the  software  life  cyde.  For  example, 
large,  complex  systems  that  undergo  contin¬ 
uous  change  sometimes  reach  states  where  new 
changes  introduce  errors  at  a  greater  rate  than 
they  remove  errors. 

A  BMD  system— as  has  been  the  case  with 
other  strategic  nuclear  systems— could  be 
tested  only  with  computer  simulations  and 
some  piecemeal  hardware  exercises.  Further¬ 
more,  no  existing  systems  most  operate  au¬ 
tonomously  (without  human  intervention)  in 
the  face  of  deliberate  enemy  attempts  to  de¬ 
stroy  them. 

Whether  the  risks  of  catastrophic  BMD  fail¬ 
ure  resulting  from  the  inevitable  software  er¬ 
rors  in  a  system  of  this  magnitude  would  be 
unacceptable  is  a  policy  dedsioii,  not  a  techni¬ 
cal  one,  that  the  President  and  the  Congress 
would  ultimately  have  to  make.  They  would 
have  to  weigh  those  risks  against  the  perceived 
risks  and  benefits  of  not  building  a  BMD  sys¬ 
tem  but  deplo3ring  national  resources  else¬ 


where.  As  with  a  first-phase  system,  another 
consideration  would  be  the  likelihood  that  the 
Soviets  could  not  be  confident  that  the  BMD 
system  would  not  wmrk  as  advertised,  and  that 
they  might  be  deterred  from  trying  to  find  out 
by  attacking.  (On  the  other  hand,  if  the  Sov  iets 
found  a  way  to  break  into  and  tamper  with  the 
software  system  without  U.S.  knowledge,  they 
might  be  confident  that  they  could  defeat  it.) 

Phase-Two  Survivability 

More  advanced  BMD  systems  would  be  de¬ 
signed  and  deployed  with  more  advanced  self¬ 
protection  or  survivability  measures.  Ground- 
ktimched,  nuclear-armed  ASATs  (DANASATs) 
would  continue  to  be  a  threat.  Tlie  additional 
SBl  carriers  available  after  the  year  2000,  how¬ 
ever,  could  begin  to  provide  mutual  defense 
for  one  another,  which  would  not  be  possible 
in  the  first-phsM  architecture. 

By  that  time,  on  the  other  hand,  the  Soviets 
could  develop  more  advanced  anti-satellite 
weapons  and  space  surveillance  sensor  sys¬ 
tems.  Most  BMD  weapon  technologies  for  use 
in  space  or  against  targets  in  space  are  likely 
to  achieve  ASAT  capabilities  before  they 
come  applicable  to  BMD  missions. 

Direct-Ascent  Nuclear  ASATS 

As  with  phase  one,  DANASATs  would  be 
particularly  threatening  to  a  “phase-two"  sys¬ 
tem.  The  U.S.  Space  Surveillance  and  Track¬ 
ing  System  and  any  associated  interactive  dis¬ 
crimination  platforms  would  now  be  primary 
targets  for  Soviet  defense  suppression  attacks. 
Since  many  of  these  satellites  would  be  at 
higher  altitudes  than  the  SB  I  garages,  they 
would  have  more  time  to  maneuver  away  from 
attackers.  But  they  would  also  be  heavier  and 
therefore  more  fuel-costly  to  maneuver.  They 
would  be  more  difficult  to  shield  against  nu¬ 
clear  radiation. 

Space  Mines 

The  United  States  would  have  to  consider 
the  possibility  of  Soviet  attempts  to  co-orbit 
nuclear  or  non-nuclear  space  mines  with  these 
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platforms  as  they  were  being  deployed.  Such 
“mining”  might  be  carried  concurrently  with 
the  deployment  of  the  BMD  system  assets. 
System  designers  have  propos^  "keep-out” 
zones  to  keep  potential  attacking  weapons  out¬ 
side  their  lethal  ranges.  Whether  the  United 
States  (or  any  power)  could  achieve  this  kind 
of  dominance  of  neai-etirth  space  remains  to 
be  seen.  In  any  case,  very  little  analysis  has 
as  yet  been  carried  out  by  the  SDIO  or  its  con¬ 
tractors  on  interim  and  long-term  space-based 
threats  to  BMD  systems. 

Comparable  Technologies 

If  the  Soviets  could  develop  technologies 
comparable  to  those  of  the  Unit^  States,  tbee 


might  be  of  special  concern.  One  would  be  ad¬ 
vanced  space-based  surveillance  systems  per¬ 
mitting  letter-timed,  more  accurate  ASAT  at¬ 
tacks.  Second  would  be  the  development  of 
space-based  neutral  particle  beam  weapons, 
which  could  be  very  effective  anti-satellite 
weapons  from  great  range.  Third,  even  though 
laser  weapons  might  not  have  achieved  the 
power  levels  necessary  for  the  BMD  missions, 
laser  ASATs  could  begin  to  pose  substantial 
threats  to  U.S.  space  assets.  If  only  for  i  Jf- 
defense,  the  Unit^  States  might  have  to  con¬ 
sider  deploying  directed-energy  ASATs  in  the 
phase-two  architecture  period. 


THIRD-PHASE  TECHNOLOGIES  AND  SYSTEMS 
(OTA  Estimates  Approximately  2005-15) 

Goals 


In  the  SDI  scenario,  the  first  goal  of  aphase- 
three  BMD  system  would  be  to  sustain  the  ca¬ 
pabilities  of  the  second-phase  system  as  more 
advanced  Soviet  countermeasures  came  on 
line.  iJventually,  the  system  might  achieve  still 
higher  levels  of  protection.  As  originally  pre¬ 
sented  by  the  Administration,  the  SDI  was  to 
identify  a  path  to  the  “assured  survival”  of 
the  U.S.  population  against  nuclear  attack.  An 
intermediate  step  on  this  path  would  be  to  de¬ 
sign  a  BMD  system  that  would  make  nuclear 
b^stic  missiles  “impotent  and  obsolete.”  In 
this  scenario,  the  Soviets  would  then  be  con¬ 
fronted  with  the  choice  of  negotiating  away 
obsolescent  missiles  or  engaging  in  a  costly 
defensive-offensive  arms  race  that  would 
sooner  or  later  leave  their  offensive  missUes 
unable  to  penetrate  U.S.  or  allied  territory.  Ei¬ 
ther  way,  in  the  end  few  or  no  nuclear  ballistic 
missiles  could  reach  U.S.  territory." 


'*SDIO  repents  to  Congress  make  no  mention  of  ''assured  sui^ 
vival,"  and  ate  as  the  ultimate  objective  of  the  SDI  to  "secure 
a  defense-dominated  strategic  environment  in  which  the  U.S. 
and  its  allies  can  deny  to  any  aggressor  the  military  utility  of 
ballistic  missile  attack."  SDIO,  op.  dt,  footnote  2,  p.  IM 1.  Other 
SDIO  documents,  however,  do  still  refer  to  the  ^>al  of  "mutu¬ 
ally  assured  survival"  (see  figure  1-3). 


As  with  a  second-phase  system,  extremely 
effective  air  defenses  would  be  an  essential 
complement  to  an  extremely  effective  BMD 
system.  And,  as  with  earlier  phases,  deep  re¬ 
ductions  in  offensive  forces  (by  arms  control 
agreement)  could  increase  the  effectiveness  of 
the  system. 

Technical  Feasibility 
Directed-Energy  Weapons 

Directed-energy  weapons  for  boost-phase  in¬ 
terception  are  still  far  in  the  future.  It  is  un¬ 
likely  that  confidence  in  their  feasibility  could 
be  established  by  the  early  1990s  even  with 
requested  SDIO  budgets.  OTA  judges  that  ex¬ 
perimental  evidence  of  the  feasibility  of  BMD 
directed-energy  weapons  (DEW)  is  at  least  a 
decade  away.*’  It  is  extremely  unlikely  that 
confidence  in  DEW  could  be  established  in  the 
next  several  years,  given  continuation  of  the 
actual  appropriation  pattern. 


^'A  similar  conclusion  was  reached  by  a  committee  of  the 
American  Physical  Society  in  1987.  Science  and  Technology  of 
Directed  Energy  Weepone:  Report  of  the  American  Hiyaical 
Society  Study  Group  (April  1987),  p.  2. 
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Ultimately  however,  directed-energy  weap¬ 
ons  may  be  necessary  to  intercept  long-range 
ballistic  missiles  and  direct-ascent  ASAT 
weapons  in  the  boost  and  post-boost  phases. 
If  the  Soviets  could,  over  15  or  20  years,  de¬ 
velop  and  begin  to  deploy  very  fast-bum,  laser- 
hardened  boosters  with  single  (or  few)  war¬ 
heads  (and  associated  decoys)  and  if  they  de¬ 
ployed  those  boosters  at  concentrated  launch 
sites,  the  burden  even  on  directed-energy  wei^ 
ons  would  be  great.  In  that  case,  the  time  avafl- 
able  for  attacking  each  booster  might  be  so 
short  as  to  drive  very  high  the  requirements 
for  power  levels,  retargeting  speed,  and  num¬ 
bers  of  directed-energy  weapons.  (However, 
PB^^s  would  continue  to  be  vulnerable  to 
DEWs.) 

Fast-burning  Soviet  boosters  appear  tech¬ 
nically  plausible— the  main  issue  woidd  be  cost. 
The  ^viets  would  have  to  deploy  enough  of 
these  boosters  to  continue  to  deliver  hundreds 
of  thousands  of  RV  decoys  into  the  mid-course, 
and  they  would  have  to  be  aware  that,  for  ex¬ 
ample,  if  U.S.  BEWs  achieved  significant  im¬ 
provements  in  retargeting  time,  they  might 
neutralize  a  good  fraction  of  the  Soviets’  mc- 
pensive  fast-burning  fleet. 

Although  some  work  has  continued  on  chem- 
ic^  lasers,  and  proposed  future  budgets  would 
increase  the  share  going  to  them,  most  SDI 
laser  funding  in  1987  went  to  the  free  electron 
laser  (FEL).  The  most  likely  way  to  deploy  such 
lasers  would  be  on  the  ground,  with  orbiting 
relay  and  battle  mirrors  to  focus  leist  r  beams 
on  l^viet  boosters  and  PBVs.  Scientists  have 
made  signiGcant  progress  in  FEL  research,  but 
they  are  a  long  way  from  having  established 
the  feasibility  of  a  weapon.  The  SDIO  has 
sponsored  construction  of  laboratory  versions 
of  FELs  and  plans  a  major  test  facility  at 
\^'te  Sands  Missile  Range.  Among  the  out¬ 
standing  issues  to  be  studied  with  these  ex¬ 
perimental  lasers  are  whether  FELs  can  be 
made  bright  enough  at  useful  wavelengths  and 
the  feasibility  of  optical  techniques  for  success¬ 
fully  pasrlng  very  high  energy  laser  beams  out 
of  and  back  into  the  atmosphere.  Other  out¬ 
standing  issues  include:  whether  large,  agfle 
beam  directing  optics  can  be  afiordsbly  man¬ 


ufactured  and  reliably  based  in  space;  the  cost 
of  building  and  maintaining  several  large  la¬ 
ser  ground  station  complexes;  and  the  surviv¬ 
ability  c  j  space  mirrors  and  ground  stations 
against  defense  suppression  attacks. 

Other  directed-energy  concepts  are  under 
consideration.  Neutral  particle  beams  (NPBs), 
which  do  not  penetrate  the  atmosphere,  might 
engage  those  missile  boosters  and  PBVs  that 
operated  above  about  120  kilometers.  Ad¬ 
vanced  booster  and  warhead  dispensing  tech¬ 
nologies,  however,  might  evade  NPBs.  (Unlike 
most  lasers,  however,  NPBs  could  penetrate 
and  destroy  reentry  vcjiicles  in  Uie  mid-course.) 
AnotW  directed-energy  weapon  may  be  the 
nuclear-explosion  pumped  x-ray  laser,  which 
also  could  not  penetrate  far  into  the  atmos¬ 
phere.  For  various  reasons,  the  x-ray  la^r 
appears  more  promising  as  an  anti-satellite 
weapon  than  as  an  anti-missile  weapon. 

Software  Feasibility 

If  an  interacti  ve  discrimination  system  were 
added  in  the  phase-two  architecture,  the  phase- 
three  architecture  would  not  pose  significantly 
different  sofiware  challenges  and  prospects 
from  the  second  phase.  The  very  fine  pointing 
and  tracking  ne^ed  for  laser  weapons  could 
impose  significant  additional  computing  re¬ 
quirements  on  sensors. 

As  time  went  on,  Soviet  defense  suppression 
threats— weapons  aimed  at  the  BMD  system 
itself— could  grow  more  intense.  The  additional 
burdens  of  self-defense  for  the  BMD  system 
against  advanced  ASAT  threats  would  add  to 
the  complexity  of  software  requirements.  The 
challenges  to  producing  dependable  software 
cited  above  would  persist  in  phase  three. 

Phase-Three  Survivability 

If  large  directed-energy  weapon  platforms 
were  deployed  in  space  (whether  these  were  la¬ 
ser  generators  with  beam  directors  or  only  re¬ 
lay  and  battle  mirrors  for  ground-based  las^), 
they  would  themselves  become  prime  high- 
value  targets  for  defense  suppression  attacks. 
Unless  they  were  powerful  enough  to  be  de- 
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ployed  at  rather  high  altitudes,  they  would 
have  a  difficult  time  either  denying  tracking 
to  enemy  sensors  or  maneuvering  out  of  the 
way  of  attacks.  They  would  probably  have  to 
defend  themselves  (and  one  another)  as  well 
as  depend  on  *‘escort”  interceptors.  Third* 
phase  directed-energy  weapons  systems  could 
be  survivabl ;  against  the  current  or  first-phase 
Soviet  DAN  AS  AT  threat;  the  question  is, 
would  they  be  survivable  against  a  later 
DANASAT  threat  that  might  be  in  place  by 
the  time  the  directed-energy  weapons  were  de* 
ployfti? 

Directed-Energy  ASATs 

ZiOng  before  directed-energy  weapons  such 
as  lasers  or  particle  beams  acMeve  the  capa¬ 
bilities  they  would  need  as  BMD  weapons,  they 
could  be  effective  anti-satellite  weapons.  Anti¬ 
satellite  laser  weapons,  if  placed  in  space  be¬ 
fore  more  capable  BMD  laser  weapons,  might 
successfully  attack  the  latter  as  they  were  be¬ 
ing  deployed. 

In  some  cases,  such  as  the  nuclear  bomb- 
pumped  z-ray  laser,  the  most  likely  applica¬ 
tion  of  an  advanced  directed-energy  weapon 
woidd  be  as  an  ASAT.  What  little  analysis  has 
been  done  so  far  indicates  that  z-ray  laser 
ASATs  launched  fi-om  the  ground  to  fire  firom 
the  upper  atmosphere  would  be  difficult,  if  not 
impossible,  to  counter.  However,  the  feasibil¬ 


ity  of  z-ray  laser  weapons  remains  to  be  dem¬ 
onstrated. 

Soviet  Possession  of  Comparable  Technologies 

As  one  attempts  to  project  various  combi¬ 
nations  of  survivability  techniques  and  vari¬ 
ous  modes  of  anti-satellite  attack  into  the  far 
term,  the  situation  becomes  even  hazier.  It 
does  appear  that  two  DEW  ballistic  missile 
defense  systems  occupying  space  could  pose 
risks  of  crisis  instability.  The  side  that  struck 
first  in  a  simultaneous  attack  on  all  the  other's 
DEWs  might  ceize  an  advantage.  Much  would 
depend  on  each  side’s  tactics  and  its  ability 
to  jam,  spoof,  or  disable  the  sensors  on  the 
other  side.  At  best,  each  side  might  neutralize 
the  other’s  BMD  system,  leaving  both  defense¬ 
less  but  with  nuclear  retaliatory  capabilities 
(as  is  the  case  today).  At  worst,  the  side  strik¬ 
ing  first  might  i^aterally  neutralize  the 
other’s  BMD  (and  other  military  space  assets), 
leaving  him  open  to  nuclear  blackmail.  Mutud 
fears  of  this  possibility  might  lead  to  crisis  in¬ 
stability. 

On  the  other  hand,  if  the  two  sides  could  de¬ 
fine  precisely  balanced  deployments  and  roles 
for  ensuring  the  mutual  survivability  of  their 
systems,  and  then  arrive  at  verifiable  arms 
control  agreements  providing  for  them,  they 
might  avoid  such  instability. 


IMPORTANT  GENERAL  ISSUES 


Costs 

Some  ezpertfi  is  space  systems  argue  that 
the  major  cost  driver  of  space-bas^  BMD 
would  be  the  manufacture  of  hundreds  or  thou¬ 
sands  of  novel,  yet  highly  reliable,  spacecraft. 
The  SDIO  suggests  that  its  research  into  new 
product’on  te^uques  would  result  in  substan¬ 
tially  reduced  costs.  Until  such  techniques 
have  actually  been  demonstrated  in  practice, 
this  suggestion  will  be  difficult  to  verify. 

In  any  case,  space  transportation  cost  would 
be  a  major  challenge.  The  SDIO  has  spoken 


of  ultimately  requiring  launch  operating  costs 
one-tenth  those  ezisting  today  (not  counting 
the  costs  for  development  of  such  a  system). 
For  the  nearer  term  (late  1990s)  the  goal  ap¬ 
pears  to  be  a  threefold  operating  cost  reduc¬ 
tion.  For  the  very  near  term,  plairaers  are  be¬ 
ing  told  to  derign  systems  that  could  evolve 
into  less  costly  ones,  but  there  is  little  ezpec- 
tation  of  immediate  first-phase  savings. 

Components  today  are  conceptual,  so  relia¬ 
ble  cost  estimates  are  not  possible.  Efforts  to 
improve  “produdbility”  and  operations  costs 
for  SB  Is,  ERIS,  and  HEDI  are  also  concq>tuaL 
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System  architects’  estimates  put  the  costs 
of  designs  comparable  to  the  second*phase  ar¬ 
chitecture  in  the  low  hundreds  of  billions  of 
dollars.  Given  that  the  United  States  would 
have  to  engine^,  build,  and  deploy  entirely  new 
classes  of  space  systems,  cost  estimates  today 
are  shaky  at  best.  For  any  given  component, 
unanticipated  difficulties  might  increase  costs, 
or  technical  breakthroughs  might  decrease 
costs.  The  SDIO  has  produced  a  rough  esti¬ 
mate  for  the  cost  of  a  phase-one  system:  $75 
billion  to  $150  billion. 

Phase-three  architectures  are  now  so  loosely 
defined  and  understood  that  few  if  any  con¬ 
tractor  cost  estimates  exist. 

Nobody  now  knows  how  to  calculate,  let 
alone  demonstrate  to  the  Soviets,  the  cost- 
exchange  ratio  between  offense  and  defense. 
Detailed  defensive  system  designs  and  a 
thoroughly  researched  understanding  of  po¬ 
tential  offensive  countermeasures  may  help. 
But  unless  the  ratio  appears  obviously  to  1^ 
much  greater  than  one-to-one,  it  will  be  ex¬ 
it  emely  difficult  to  determine  whether  the  cri¬ 
terion  of  “cost-effectiveness  at  the  margin” 
has  been  met  by  any  proposed  BMD  system. 
At  least  in  the  &st  phase,  it  appears  that  the 
Soviets  would  have  a  strong  incentive  to  add 
missiles,  warheads,  and  countermeasures  to  at¬ 
tempt  to  restore  their  strategic  nuclear  capa¬ 
bilities.  The  question  would  be  whether  the 
Soviets  were  persuaded  that  in  the  long  run 
the  defense  system  would  evolve  into  one  that 
cost  less  per  Soviet  RV  destroyed.'* 

Uming  and  Evolution 

The.  Strategic  Defense  Initiative  Organiza¬ 
tion  (SDIO)  has  not  pursued  the  SDI  as  an 
open-ended  research  program  to  be  concluded 
only  when  a  certain  level  of  knowledge  was  at¬ 
tained  Instead,  the  research  has  bera  stron^y 
oriented  toward  trying  to  provide  the  basis  for 


^Hliisdiscusskm  floes  not  address  whether  the  Soviets  would 
accept  the  coet/ozchange  ratio  criterkm  for  their  own  decisions 
or  whether  they  might  simply  do  their  best  at  improving  their 
offense  and  hope  the  United  States  might  not  follow  the  ensu¬ 
ing  offensive-d^eneive  arms  race  throt^  to  its  expensive  con¬ 
cision. 


an  “informed  decision’’  on  BMD  full-scale  engi¬ 
neering  development  by  the  early  1990s  (the 
exact  year,  although  it  appears  widely  in  the 
press,  is  classified).  Nevertheless,  implied  in 
the  SDI  program  was  that  whatevw  i^onna- 
tion  might  be  available  by  the  early  199fls, 
proposals  for  deployment  would  be  offered. 

Congress,  however,  has  not  funded  the  SDI 
at  the  level  that  the  SDIO  asserted  was  nec¬ 
essary  to  permit  an  informed  decision  about 
such  proposals  by  the  early  1990s.  Nevertheless, 
by  cutting  back  pai’allel  technology  programs 
and  longer-term  research  while  preserving  pro¬ 
grams  believed  to  have  near-term  promise,  the 
SDIO  has  attempted  to  maintain  the  gosd  of 
noaking  detailed  deployment  proposals  by  only 
1  year  lato*  than  the  appointed  date. 

In  late  1986  and  in  1987  the  SDIO  began 
developing  the  “phase-one”  BMD  system  ar¬ 
chitecture  described  above.  In  its  1987  annual 
report  to  Congress,  the  SDIO  said  that  its 
study  of  the  first  phase  of  a  phased  deploy¬ 
ment  “. . .  does  not  constitute  a  decision  to  de¬ 
ploy.  Such  a  decision  cannot  be  made  now.”'* 
OTA  concurs.  First,  the  required  space  trans¬ 
portation  system  is  unlikely  to  be  available  for 
early  1990s  deployment.  Second,  the  reduc¬ 
tions  in  SBI  weights  essential  to  d^lqying  sig¬ 
nificant  numbers  of  effective  weapons  are  not 
yet  available.  ’Third,  the  U.S.  aerospace  indus¬ 
try  would  have  to  engineer,  mass  p^uce,  and 
deploy  entire  new  classes  of  satellite  systems. 
Fourth,  cost  estimates  for  all  these  steps  today 
are  shaky  at  best.  The  SDIO  does  argue  that 
the  first-phase  option  would  lay  the  ground- 
woric  for  the  deplo3rment  of  subsequent  phases. 
This  could  be  true  if  the  subsequent  phases 
were  in  fact  known  to  be  feasible,  affordable, 
survivable,  and  cost-effective  at  the  margin— 
and  if  the  ^t-phase  system  retained  some  ca¬ 
pability  against  a  responsive  Soviet  threat. 

Every  part  of  the  complex  devdopment,  pro¬ 
duction,  and  deployment  scheme  would  have 
to  work  well  and  on  schedule.  Othowise,  the 
Soviets  could  be  well  on  the  way  to  neutraliz- 
*.iig  the  first-phase  architecture  before  it  was 
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fully  in  place.  Countermeasures  could  have 
greatly  degraded  SBI  capabilities.  For  exam¬ 
ple,  as  the  booster  rocket  burning  times  of  So¬ 
viet  missiles  decreased  (a  process  already 
occurring  as  the  Soviets  move  to  solid-fueled 
boosters),  fewer  SBI’s  could  reach  the  boosters 
before  their  post-boost  vehicles  had  separated 
and  begun  to  dispense  reentry  vehicles  and 
decoys.  New  post-boost  vehicles,  which  would 
in  any  case  1^  harder  to  track  and  hit  than 
boosters,  could  also  dispense  their  payloads 
more  rapidly.  Without  altering  their  rocket 
technologies,  the  Soviets  could  concentrate 
their  ICBM  bases  so  that  fewer  SB  Is  would 
be  in  range  when  many  ICBMs  were  launched 
at  once  (that  is,  the  “absentee  ratio”  would  be 
higher).  While  the  Soviets  would  not  find  all 
such  countermeasures  cheap  and  easy,  one 
should  compare  their  cost  and  difficulty  to 
those  of  developing  and  deploying  a  vast  new 
space-based  BMD  system. 

Adding  more  SBIs  to  the  BMD  constella¬ 
tion  would  allow  attacks  on  more  boosters,  but 
the  numbers  of  SBIs  needed  would  become  in¬ 
creasingly  prohibitive  as  the  Soviet  ICBM 
force  evolved.  On  the  other  hand,  if  the  Soviets 


could  not  soon  redt'ce  the  bum-times  of  their 
post-boost  vehicles,  SBI  effectiveness  might 
endure  for  some  time— assuming  that  the  fimt- 
phase  SBI  infrared  sensors  could  effectively 
home  in  on  the  colder  PBVs. 

Although  a  phase-one  architecture  may  be 
presented  to  Congress  as  the  first  step  of  a 
“phased  deployment,”  research  on  the  later 
phases  is  far  from  demonstrating  that  those 
succeeding  phases  iviil  be  feasible,  affordab^, 
and  compatible  with  firs^-phase  systems.  The 
feasibility  of  fully  trustworthy  battle  manage¬ 
ment  software  systems  may  never  entirely 
demonstrable.  The  feasibility  of  directed-en* 
ergy  weapons  and  interactive  discrimination 
systems  remains  to  be  demonstrated,  and  per¬ 
suasive  evidence  one  way  or  the  other  will  prob¬ 
ably  not  be  available  until  after  1995.  The  fea- 
sib^ty  of  a  new,  post-2005  generation  of  Soviet 
fast-bum  boosters  that  could  stress  even  di* 
rected-energy  weapons  remains  plausible  and 
cannot  be  ^scounted. 

Thus  a  “phased  deployment”  in  which  only 
the  first  phase  was  shown  to  be  feasible  would 
not  necessarily  be  able  to  evolve  and  adapt  to 


Figure  1-5.— SDIO  Proposal  for  Development  end  Deployment 
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a  responsive  Soviet  threat.  The  SDIO  plan  mlla 
for  completing  “demonstration  and  validation” 
of  phase>two  concepts  before  actual  produc¬ 
tion  and  deployment  of  phase  one.  Therefore, 

•  commitment  in  the  early  19906  to  a  phase- 
one  development  would  imply  confidence 
that  phases  two  and  three  will  ultimately 
prove  feasible,  and 

•  commitment  in  the  mid-1990s  to  phaseone 
deployment  would  require  an  act  of  faith 
that  phase  three  would  prove  feasible. 

Otherwise,  depending  on  how  long  deploy¬ 
ment  actually  took  and  how  effective  the  So¬ 
viet  respouse  was,  either  the  first-  or  second- 
phase  systems  could  be  reduced  to  only  mod¬ 
est  effectiveness  or  impotence  even  befo^'e  de¬ 
ployment  was  completed. 

SDIO  officials  and  contractors  have  sur¬ 
mised  that  the  technolog[ies  needed  to  main- 
tdn  and  extend  the  defensive  capabilities  of 
first-  and  second-phase  systems  into  the  far¬ 
ther  term  will  in  fact  become  available.  If  a 
continuing,  vigorous  research  and  develop¬ 
ment  program  produced  the  necessary  tech¬ 
nologies,  and  if  Soviet  offensive  developments 
could  not  keep  pace,  the  first-phase  concept 
might  evolve  into  a  more  advanced  BMD  sys¬ 
tem.  If  the  Soviets  responded  to  the  SBI  sys¬ 
tem  by  developing  faster-burning  PBVs  that 
could  carry  only  much  reduced  payloads,  then 
the  ultimate  task  of  discriminating  RVs  and 
decoys  in  the  mid-course  could  be  greatly  sim- 
plifi^.  (This  conclusion  assumes  that  the 
Soviets  could  not  afford  at  the  same  time  to 
double  the  size  o^  their  missile  fleet.)  The 
United  States  could  add  sophisticated  SSTS  . 
satellites  and  SBIs  with  improved  sensors.  If 
Soviet  decoys  were  few  enough  and  simple 
enough,  the  sensor  satellites  m>"ht  be  able  to 
track  and  discrimmate  RVs  and  decoys  in  mid¬ 
course,  thus  allowing  improved  hit-to-kill  weap¬ 
ons  to  attack  R V.«»  inoividually  after  they  were 
dispensed.  Or,  interactive  discriniinacion  tech¬ 
niques  might  turn  out  to  make  RV/decoy  dis¬ 
crimination  feasible. 

OTA  concludes  that,  if  shown  to  be  techni¬ 
cally  feasible  and  desirable,  second-phase  sys¬ 
tem  production  and  deployment  coidd  not  be¬ 


gin  until  around  the  year  2000  or  be  completed 
much  before  2010.  Soviet  countermeasures 
coming  into  deployment  by  then  could  include 
more  missiles,  advanced  RVs  (possibly  includ¬ 
ing  maneuvering  RVs  or  "MaRVs”)  and  de¬ 
coys,  faster  rocket  boosters  and  post-boost  ve¬ 
hicles,  concentrated  launch-sites  for  boosters, 
wd  advanced  anti-satellite  weapons.  The  util¬ 
ity  of  space-based  SBIs  for  boost-phase  inter¬ 
ception  would  then  be  severely  limited.  De¬ 
pending  on  whether  and  when  the  Soviets 
could  field  faster-dispensing  PBVs,  the  SBIs 
might  be  of  some  utility  for  PBV  interception. 
Overall  system  effectiveness,  however,  would 
probably  depend  heavily  ci  how  well  the  mid¬ 
course  (fiscrimination  challenge  had  been  met. 

If  the  Soviets  developed  high-payload,  fast¬ 
dispensing  PBVs,  the  United  States  might 
have  to  add  laser  weapons  to  the  defense  sys¬ 
tem  to  increase  boost-  and  post-boost  inter¬ 
cepts  to  reduce  the  mid-course  discrimination 
burden.  As  is  noted  below,  however,  even  this 
step  might  not  suffice. 

As  of  1988,  three  uncertainties  about  the  via¬ 
bility  of  a  second-phase  system  especially 
stand  out: 

1.  evidence  demonstrating  effective  and  af¬ 
fordable  technology  for  discriminating  So¬ 
viet  nuclear  warheads  fi'om  decoys  will 
probably  not  be  available  before  the  mid- 
1990s,  if  then: 

2.  a  follow-on,  directed-energy  BMD  system 
w'ould  be  needed  to  restore  or  maintain  de¬ 
fense  effectiveness  once  faster-burning 
boosters  were  able  to  evade  SBIs;  but 
directed-energy  weapons  for  BMD  may  or 
may  not  be  technically  feasible;  such  fea¬ 
sibility  is  very  imlikely  to  have  been  de¬ 
termined  by  the  early  1990s;  if  the  Soviets 
were  able  to  field  a  few  thousand  very  fast- 
biuning  boosters  with  one  warhead  and 
several  decoys  each,  even  directed-energy 
weapons  might  not  suffice  to  maintain  a 
high  level  of  defense  effectiveness; 

3.  the  survivability  of  a  space-based  system 
itself  against  a  defense  suppression  attack 
by  Soviet  weapons  likely  to  be  available 
after  the  year  2000  may  not  have  been  de¬ 
termined  by  the  early  1990s. 
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Ballistic  missile  defense  deployments  of  du¬ 
bious  long-term  effectiveness  could  stimulate 
the  Soviet  Union  to  offensive  countermeasures 
and  weapon  deplo3m[ients  rather  than  to  nego¬ 
tiations  to  reduce  mutual  offensive  threats. 

Competition  in  Anti-satellite  Weapons 

As  noted  above,  the  technologies  applicable 
in  exo-atmospheric  weapons  are,  in  most  cases, 
liable  to  be  applicable  in  ASAT  we<ipons  be¬ 
fore  they  are  applicable  in  BMD.  Thus  there 
will  be  pressureb  from  the  milita^  establish¬ 
ments  on  both  sides  to  field  such  weapons  as 
they  become  feasible,  whether  or  not  they 
prove  to  have  BMD  potential.  For  example, 
the  first  mission  for  snace-based  SB  Is  may  be 
as  defensive  satellites,  or  DSATS,  to  protect 
the  BMD  system  as  it  is  being  deployed.  Space 
lasers  may  be  attractive  ASATs  and  DSATs 
whether  they  are  adopted  as  BMD  weapons 
or  not.  Neutral  particle  beam  discriminators 
could  be  powerful  ASAT  weapons.  If  the  nu- 
clear-pumped  x-ray  laser  can  be  developed  as 
a  weapon— which  is  far  from  proven— its  most 
promising  application  may  be  as  an  ASAT.  No 
credible  answer  to  the  x-ray  laser  as  a  BMD 
suppression  weapon  has  been  developed. 


As  the  United  States  or  the  Soviet  Union 
began  to  deploy  subtantial  numbers  of  BMD 
weapons  on  the  ground  or  in  space,  these  weap¬ 
ons  would  greatly  increase  the  anti-satellite 
threat  to  the  other’s  space  assets.  (Space-based 
weapons  themselves  would,  of  course,  be  among 
those  space  assets.)  Neither  side  is  liable  to  per¬ 
mit  the  other  the  kind  of  unilateral  control  of 
space  that  such  unchallenged  ASAT  capabil¬ 
ities  would  provide.  Therefore,  in  the  absence 
of  arms  control  agreements  to  the  contrary, 
we  should  expect  from  the  beginning  of  BMD 
space  deployments  an  intense  competition  be¬ 
tween  the  superpowers  for  control  of  near-earth 
space. 

A  frequently  proposed  survivability  meas¬ 
ure  lor  U.S.  space-based  BMD  assets  is  the  en¬ 
forcement  of  keep-out  zones  against  any  po¬ 
tentially  threatening  Soviet  satellites.  Whether, 
when,  and  how  the  Soviets  might  challenge 
such  assertions  of  U.S.  exclusionary  zones  in 
space  has  not  been  analyzed  by  those  propos¬ 
ing  this  tactic.  Indeed,  the  whole  question  of 
the  mutual  occupation  of  space  by  weapons 
of  comparablt  capability  has  not  yet  been  ade¬ 
quately  addresbed  by  SDIO  or  its  contractors. 
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Chapter  2 

Introduction 

ORGANIZATION  OF  THIS  REPORT 


This  report  identifies  questions  to  be  an¬ 
swered  before  the  technical  feasibility  of 
achieving  the  goals  set  for  the  Strategic  De¬ 
fense  Initiative  (SDI)  can  be  determine.  The 
report  also  offers  a  snapshot  of  how  far  re¬ 
searchers  have  come  toward  answering  these 
critical  questions  and  how  much  remains 
unknown. 

Chapter  1:  Summary 

Chapter  1  summarizes  and  explains  the  prin¬ 
cipal  findings  of  this  OTA  study. 

Chapter  2:  Introduction 

This  introductory  chapter  devotes  consid¬ 
erable  attention  to  goals  for  the  SDI,  since  this 
subject  continues  to  be  a  source  of  confusion 
and  debate  in  the  country.  Various  leaders  in 
the  Administration  and  in  Congress  have  at 
one  time  or  another  emphasized  difierent  goals, 
and  which  goals  will  ultimately  prevail  remains 
uncertain.  Clearly,  some  goals  would  be  eas¬ 
ier  to  reach  than  others.  This  discussion  does 
not  include  a  critical  analysis  of  the  goals  nor 
does  it  attempt  to  resolve  the  debate  about 
them.  Instead,  this  chapter  tries  to  provide  a 
context  for  the  issues  of  technical  feasibility. 

Chapter  3:  Designing  a  Ballistic  Missile 
Defense  (BMD)  System:  Architecture 
and  Trade-off  Studies 

To  assess  the  feasibility  of  a  potential  BMD 
system,  the  United  States  needs  to  know  both 
what  the  system’s  elements  and  the  system 
as  a  whole  might  look  like.  To  this  end,  the 
Strategic  Defense  Initiative  Organization 
(SDIO)  has  awarded  a  series  of  contracts  to 
several  teems  of  defense  companies  to  try  to 
define  some  candidate  "system  architectures" 
for  BMD.  Drawing  on  these  studies,  SDIO  syn- 

Note:  Cowphi  •>  de&Jtions  of  acronyms  and  imtialisma 
are  Uat^  in  Appendix  B  of  this  report 


thesized  its  own  "reference  architecture"  to 
help  SDI  researchers  understand  the  require¬ 
ments  that  the  technologies  being  developed 
eventually  must  meet. 

Late  in  1986  and  ir.  the  first  half  of  1987, 
system  architocture  analysis  was  in  a  state  of 
flux  as  SDIO  instructed  its  contractws  to  con¬ 
ceptualize  the  early  stages  of  a  BMD  deploy¬ 
ment.  In  mid-1987,  the  SDIO  proposed  a  first- 
phase  architecture  to  the  Defense  Acquisition 
Board  and  in  September  the  Secretary  of  De¬ 
fense  approved  a  program  of  "demonstration 
and  validation"  for  this  architecture.  The  proc¬ 
ess  of  evolving  system  architecture  analysis 
and  design  is  likely  to  continue  throughout  the 
life  of  the  program  and  into  the  peri^  during 
which  defenses  are  actually  deployed,  if  they 
are.  There  should  be  continuing  feedback  b^ 
tween  system  designers  and  technology  devel- 
pers,  balancing  the  desirable  and  the  possible. 
This  chapter  introduces  that  process,  discusses 
its  importance,  and  describes  where  it  has  led 
so  far. 

Chapter  4:  Status  and  Prospects  of 
Ballistic  Missile  Defense  Technologies, 
Part  I:  Sensors 

Chapter  5:  Status  and  Prospects  of 
Ballistic  Missile  Defense  Technologies, 
Part  II:  Weapons,  Power,  Communication, 
and  Space  Transportation 

These  chapters  are  organized  as  reference 
works  on  several  of  the  key  technologies  un¬ 
der  research  in  the  SDI  program— describing 
them,  surveying  the  requirements  they  must 
ultimately  meet,  and  reporting  their  status  (in¬ 
cluding  key  unresolved  issues)  as  of  early  1988. 
The  chapters  also  examine  the  requirements 
for  combining  those  technologies  into  work¬ 
ing  components  of  a  BMD  system,  with  em¬ 
phasis  on  the  kinds  of  components  needed  for 
recent  SDIO  "reference  architecture"  formu- 
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lations.  Chapter  4  reviews  technologies  for 
finding,  tracking,  and  pointing  weapons  at  mis¬ 
sile  Ixrasters,  post-boost  vehicles,  and  reentry 
vehicles  and  for  discriminating  between  gen¬ 
uine  targets  and  decoys.  Chapter  5  reviews  the 
weapon  technologies  for  delivering  lethal  doses 
of  energy  (kinetic  or  electromagnetic)  to  tar¬ 
gets.  It  also  addresses  the  key  technologies  of 
space  transportation,  communication,  and 
power  supplies  for  space  assets. 

Chapter  6;  System  Development, 
Deployment,  and  Support 

If  BMD  is  to  play  a  role  in  U.S.  national 
strategy,  the  technologies  described  in  the  pre¬ 
vious  chapters  must  be  incorporated  into  work¬ 
ing  weapon  components.  Those  components 
must  be  integrated  into  effective  weapon  sys¬ 
tems  that  are  affordable,  maintainable,  and 
adaptable  over  time  to  possible  adversary  re¬ 
sponses.  By  focusing  on  some  particularly  chal¬ 
lenging  issues,  such  as  the  development  and 
engineering  of  a  space-based  space  .surveQlance 
system  and  the  logistics  of  space  transporta¬ 
tion,  chapter  6  attempts  to  give  an  apprecia¬ 
tion  of  the  steps  involved  in  these  processes. 

Chapter  7:  System  Integration  and 
Battle  Management 

With  variations  on  SDIO’s  reference  ar¬ 
chitecture  for  a  BMD  system  as  models,  this 
chapter  shows  how  the  various  components  of 
such  a  system  would  have  to  work  together 
to  intercept  a  ballistic  missile  attack  in  its  sev¬ 
eral  phases.  The  chapter  attempts  to  give  an 
appreciation  of  the  complexities  of  integrat¬ 
ing  BMD  system  components  into  a  quickly 
reacting  system.  It  does  so  by  presenting  an 
overview  of  the  tasks  a  BMD  system  would 
have  to  perform  and  examples  of  how  it  would 
perform  them.  It  also  examines  the  concept 
of  BMD  battle  management  and  the  ioles  of 
humans  and  computers  in  such  a  battle. 

Chapter  8:  Computing  Technology 

Computers  would  be  crucial  to  any  BMD 
system,  from  simulation  testing  of  theoreti¬ 


cal  designs,  through  operation  of  most  of  the 
hardware,  to  management  of  the  battle.  Chap¬ 
ter  8  focuses  on  the  roles  of  computers  in  BMD 
and  on  the  computation  capabilities  needed  to 
satisfy  SDI  requirements.  Computing  technol¬ 
ogy  encompasses  both  hardware  and  software. 
This  chapter,  however,  emphasizes  hardware 
questions  while  chapter  9  focuses  on  software. 

Chapter  9:  Software 

The  legislation  mandating  this  study  in¬ 
structed  that  it  include  an  analysis  of  the  fea¬ 
sibility  of  meeting  SDI  software  requirements. 
Chapter  9  examines  the  question  of  whether 
the  complex  computer  programs  that  BMD 
will  require  coidd  be  made  sufficiently  depend¬ 
able.  It  analyzes  the  concepts  of  software  trust¬ 
worthiness  and  reliability,  as  well  as  other 
important  software  issues.  It  compares  re¬ 
quirements  and  characteristics  of  BMD  soft¬ 
ware  to  existing,  trusted  software  systems. 
The  chapter  ends  with  conclusions  about  the 
prospects  for  producing  trustworthy  software 
for  the  SDI. 

NOTE:  Chapters  10, 11,  aad  12  are  now  avail¬ 
able  only  in  the  dassUied  vareioo  of  this 
report.  The  descriptions  here  are  tor 
refaence. 

Chapter  10:  Nondestructive 
Countermeasures  Against  Ballistic 
Missile  Defense 

Ballistic  missile  defense  ^sterns  must  be  de¬ 
signed  to  cope  with  the  kin^  of  countermeas¬ 
ures  the  So  viets  might  deploy  against  them. 
These  include  modified  or  new  b  illistic  mis¬ 
siles,  devices  intended  to  make  reentry  vehi¬ 
cles  harder  to  find  or  shoot  at,  and  weapons 
that  could  attack  the  BMD  system.  This  chap¬ 
ter  examines  the  first  two  types  of  counter¬ 
measure,  while  chapter  11  describes  the  lat¬ 
ter,  or  “defense  suppression"  technologies  and 
their  counters.  Estimates  of  physically  possi¬ 
ble  countermeasures  must  be  refined  by  esti¬ 
mates  of  what  is  technically,  economically,  and 
strategically  feasible  for  the  Soviet  Union.  The 
chapter  concludes  with  a  review  of  the  tech- 
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oologies  that  might  provide  responses  to  the 
potential  Soviet  countermeasures. 

Chapter  11:  Defense  Suppression  and 
System  Survivability 

The  legislation  instructing  OTA  to  carry  out 
this  study  placed  special  emphasis  on  the  sur¬ 
vivability  of  an  SDI-produced  BMD  system 
in  the  face  of  an  enemy  attack  on  the  system 
itself.  The  chapter  reviews  the  technologies 
that  might  be  applied  to  defense  suppression 


and  the  technologies  and  tactics  that  might 
counter  them. 

Chapter  12:  Defense  Snppression 
Scenarios 

In  a  variety  of  "scenarios,”  chapter  12  iden¬ 
tifies  the  most  stressing  attack  threats  that 
various  BMD  elements  would  be  likely  to  face 
and  the  methods  a  BMD  system  might  use  to 
defend  itself,  actively  or  passively. 


THE  GOALS  OF  THE  STRATEGIC  DEFENSE  INITIATIVE 


According  to  the  Strategic  Defense  Initia¬ 
tive  Organization  in  1986: 

The  goal  of  the  SDI  is  to  conduct  a  program 
of  vigorous  research  and  technology  develc^ 
ment  that  may  lead  to  strategic  defense  op¬ 
tions  that  would  eliminate  the  threat  posed  by 
ballistic  missiles,  and  thereby: 

•  support  a  better  basis  for  deterring  ag¬ 
gression, 

•  strengthen  strategic  stability,  and 

•  increase  the  security  of  the  United  States 
and  its  Allies. 

The  SDI  seeks,  therefore,  to  provide  the 
technical  knowledge  required  to  support  an  in¬ 
formed  decision  in  the  early  1990s  on  whether 
or  not  to  develop  and  deploy  a  defense  of  the 
U.S.  and  its  Allies  against  ballistic  missiles.' 

What  does  the  phrase,  ''eliminate  the  threat 
posed  by  ballistic  missiles,’*  mean,  and  how 


'Strategic  Defense  Initiative  Organization,  Report  to  the  Con¬ 
gress  on  the  Strmtegic  Defense  Initiative,  June  1986,  p.  IV-1. 
In  ita  1987  report,  SDIO  dropped  “in  the  early  19908“  from 
its  goal;  it  also  dropped  the  “not**  from  the  phrase  **whether 
or  not*'  in  the  above  quotation. 


THREE  GOALS  FOR 

Increase  Attacker  Uncertainty 
Working  with  assumptions  about  the  ac¬ 
curacy,  explosive  power,  and  reliability  of 
v<reapons  systems  as  weU  as  the  nature  of  in- 


might  doing  so  enhance  deterrence,  stability, 
and  security?  Proponents  of  BMD  have  argu^ 
that  increasing  levels  of  defense  could  offer  in¬ 
creasing  benefits.  Fairly  modest  levels  of 
BMD,  they  say,  might  improve  deterrence  of 
a  Soviet  nuclear  attack  by  increasing  Soviet 
military  planners’  uncertainty  about  die  effec¬ 
tiveness  of  such  an  attack.  I^her  levels  of  de¬ 
fense  capability  might  actuaUy  deny  the 
Soviets  even  the  possibility  of  acMeving  what¬ 
ever  military  goals  they  might  have  for  attack. 
Finally,  extremely  good  defenses  against  all 
types  of  nuclear  attack— including  attacks  by 
ballistic  missiles,  cruise  missiles,  bombers,  and 
other  means  of  delivery —might  essentially  as¬ 
sure  the  survival  of  the  U.S.  population  and 
society  no  matter  what  the  Soviets  tried  to  do. 
Then  IJ.S.  security  would  no  longer  rely  on  the 
threat  of  retaliation  to  deter  a  nuclear  attack. 

SDIO  officials  emphasize  that  currently  the 
pr  .^ponderance  of  their  attention  is  focus(^  on 
systems  and  technologies  intended  to  lead  to 
early  accomplishment  of  the  first  goal  of  en¬ 
hancing  deterrence. 


STRATEGIC  DEFENSE 

tended  targets,  Soviet  military  planners  can 
make  some  pre^ctions  about  l^viet  ability  to 
destroy  a  chosen  set  of  targets.  Just  how  con¬ 
fident  Soviet  planners  would  or  should  be 
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about  the  validity  of  their  assumptions  is  ex¬ 
tremely  difficult  for  U.S.  analysts  to  determine. 

Relatively  modest  amounts  of  strategic  de¬ 
fense,’  some  argue,  might  add  to  the  imcertain- 
ties  that  the  potentieil  attacker  already  faces.* 
He  would  be  forced  to  make  additional  assump¬ 
tions  about  how— and  which— of  his  warheads 
would  be  intercepted  by  the  defenses.  Insofar 
as  a  Soviet  decision  to  launch  a  nuclear  attack 
on  the  United  States  might  depend  on  Soviet 
confidence  in  the'''*  ability  to  destroy  a  given 
set  of  targets,  the  protection  added  by  mod¬ 
est  U.S.  strategic  defenses  might  help  d**  ier 
such  a  decision.*  Presumably,  the  largei  f?.'*- 
tor  in  a  Soviet  decision  on  whether  to  strike 
^rst  is  the  current  high  probability  that  a  U.S. 
retaliatory  attack  would  devastate  much  of  the 
Soviet  Union. 

In  its  1987  report  to  Congress,  SDIO  sug¬ 
gested  that  relatively  modest  levels  of  defense 
might  begin  to  add  to  Soviet  uncertainties  by 
“denying  the  predictability  of  Soviet  attack 
outcome . . .  and  imposing  on  the  Soviets  sig¬ 
nificant  costs  to  restore  their  attack  con¬ 
fidence.”' 

There  are  ways  the  Soviets  might  try  to  re¬ 
duce  the  uncertainties  added  by  U.S.  defenses. 
They  might  deploy  offensive  coimtermeasures 
designed  to  restore  their  previous  level  of  con¬ 
fidence  in  their  weapons’  ability  to  reach  and 
destroy  assigned  targets.  They  might  deploy 


*This  section  addresses  strategic  uefense  generically—i.e,, 
goals  for  defense  against  all  means  of  delivering  nuclear  weap* 
ons,  not  just  against  ballistic  missiles.  Since  the  SDI  is  direct^ 
at  developing  defenses  only  against  ballistic  missiles,  we  quickly 
turn  to  that  particular  task  for  strategic  defenses.  Where  rele¬ 
vant,  the  report  will  call  attention  to  the  relationships  between 
ballistic  missile  defense  and  other  kinds  of  strategic  defense. 

'These  would  include  uncertainties  about*  the  accuracy  of  mis¬ 
siles  over  untested  trajectories;  the  vulnerabilities  of  some  kinds 
of  targets,  such  as  command  and  control  systems;  whether  the 
victim  of  the  attack  would  launch  his  own  missiles  “on  warn¬ 
ing,"  thus  defeating  the  most  critical  objective  of  the  attack; 
and  the  nature  and  results  of  the  retaliation  earned  out  by 
submarine-launched  missiles,  bombers,  and  cruise  missiles  that 
escaped  the  attack. 

'For  A  more  detailed  discussion  of  deterrent  strategy,  see  U.S. 
Congress,  Office  of  Technology  Assessment.  Ballistic  Missile 
Defense  Technologies,  OTA-fSC'-254  (Washington,  DC:  U.S. 
Government  Printing  Office,  September  19H51,  pp.  67-132. 

'Strategic  Defense  Initiative  Organization,  iZeport  to  the  Con¬ 
gress  on  the  Strategic  Defense  Initiativef  April  1987,  p.  IMl. 


aci  Jitional  weapons  intended  just  to  exhaust 
the  defenses,  assuring  that  some  weapons  face 
no  defensive  screen.  They  might  attempt  to 
circumvent  the  BMD  system  by  adding  more 
bombers  and  cruise  missiles  to  their  arsenal. 

On  the  other  hand,  the  Soviets  would  have 
to  make  new  assumptions  about  how  weU  these 
responses  would  work.  The  Soviets  might  also 
choose  to  give  up  some  weapon  capab&ties  to 
preserve  others:  for  example,  some  counter¬ 
measures  intended  to  assure  that  a  given  num¬ 
ber  of  nuclear  warheads  could  penetrate  the 
defense  might  be  traded  against  sacrifices  in 
the  number,  accuracy,  or  yield  (explosive 
power)  of  those  warheads.  If  only  b^use  the 
offensive  task  had  become  more  complicated, 
at  least  some  more  uncertainty  would  exist 
than  if  the  United  States  had  no  defenses  at 
all.*  Opinions  vary,  however,  on  what  margin 
of  adifitional  imcertainty  the  Soviets  would 
face  and  whether  there  might  be  other,  less 
costly,  and  earlier  ways  to  complicate  Soviet 
attack  problems. 

Deny  Military  Objectives 

Some  analysts  have  argued  that  an  increase 
in  attacker  uncertainty  as  described  above  is 
itself  a  sufficient  enhancement  of  deterrence 
to  justify  deplo3dng  ballistic  missile  defenses. 
The  SDIO,  however,  places  a  more  rigorous 
requirement  on  defense: 

A  defense  against  ballistic  missOes  must 
be  able  to  destroy  a  sufficient  portion  of  an 
aggressor’s  attacking  forces  to  deny  him  the 
confidence  that  he  can  achieve  his  objectives. 

In  doing  so,  the  defense  should  have  the  po¬ 
tential  to  deny  that  aggressor  the  ability  to 
d'istroy  a  militarily  sigi^cant  portion  of  the 
t’irget  base  he  wishes  to  atta^’ 

The  goal  here  is  not  just  to  reduce  the  at¬ 
tacker’s  confidence  in  achieving  some  set  of 
goals,  but  to  deny  him  any  reasonable  pros- 


'Alternatively,  some  would  argue  that  the  Soviets  might  find 
a  secret  countermeasure  that  they  were  certain  was  capable  of 
totally  disabling  the  U.S.  BMD  system;  if  they  combineu  this 
countermeasure  with  expanded  offensive  forces,  their  net  oei^ 
tainty  of  attack  success  might  be  increased  over  what  it  is  today. 

^Strategic  Defense  Initiative  Organization,  cp.  dt,  p.  IV-2. 
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pect  of  doing  so.  Suppose,  for  exan^le,  that 
the  Soviets  have  set  for  their  strategic  forces 
the  goal  of  destro3dng  75  percent  of  a  particu¬ 
lar  target  set.  A  U.S.  strategic  defense  that 
could  predictably  allow  them  to  destroy  only 
50  percent  of  this  set  would  therefore  deny  the 
Soviets  their  goal.  If  the  difference  between 
the  Soviets’  choosing  to  attack  and  refraining 
from  attack  rested  on  their  confidence  in  their 
ability  to  destroy  75  percent  of  the  targets, 
they  would  be  deterr^. 

An  attack  of  thousands  of  nuclear  weapons 
that  failed  in  its  purely  military  objectives, 
whatever  they  might  be,  would  still  wreak 
great,  perhaps  irreparable,  damage  on  U.S.  so¬ 
ciety.  Such  damage  would  include  not  only  the 
direct  effects  of  nuclear  weapons  exploding 
near  U.S.  cities,  but  the  longer-term  effects  of 
nuclear  fallout  and  economic  and  sodal  disrup¬ 
tion.*  Moreover,  for  purposes  of  intimidation 
or  deterrence,  the  Soviets  might  change  their 
target  plans  to  retain  their  ability  to  destroy 
U.S.  cities  intentionally.  Thus  we  would  still 
need  to  rely  on  the  threat  of  retaliation  to  de¬ 
ter  Soviet  or  other  attacks  (or,  perhaps  more 
to  the  point,  threats  of  attack)  on  our  economy 
and  society. 

Assured  Survival 

In  his  speech  of  March  23, 1983,  inaugurat¬ 
ing  the  SDI,  President  Reagan  set  an  even 
higher  goal  for  strategic  defenses: 

What  if  free  people  could  live  secure  in  the 
knowledge  that  their  security  did  not  rest 
upon  the  threat  of  instant  U.S.  retaliation  to 
deter  a  Soviet  attack,  that  we  could  intercept 
and  destroy  strategic  ballistic  missiles  before 
they  reached  our  own  soil  or  that  of  our 
allies?* 

This  go^d  goes  beyond  denying  the  Soviets 
an  ability  to  destroy  a  “militarily  significant 
portion”  of  some  target  base;  it  would  be  to 


*See,  ter  example,  U.S.  Congress.  OfBoe  of  Technology  Assess¬ 
ment,  The  Effects  of  Nuehar  War.  OTA-NS89  (Washington, 
DC:  U.S.  Government  Printing  Office,  May  19791,  esp.  ch.  4, 
pp.  109-118. 

’Ronald  Reagan,  televised  speech.  Mar.  23.  1961 


protect  people.  As  the  President  said  over  3 
years  later: 

Our  research  is  aimed  at  finding  a  way  of 
protecting  people,  not  missQes.  And  that’s 
my  highest  priority  and  will  remain  so.'* 

The  goals  of  increasing  attacker  imcertainty, 
denying  military  objectives,  and  assuring  na¬ 
tional  survival  imply  progressively  more  ca¬ 
pable  defensive  systems,  and  correspondingly 
more  difficult  technical  challenges.  'The  follow¬ 
ing  survey  of  the  Soviet  missile  threat  and  the 
kinds  of  targets  the  United  States  would  need 
to  defend  against  that  threat  illustrates  the 
scope  of  the  strategic  defense  problem. 

The  Soviet  Ballistic  Missile  Threat 

The  Soviets  now  have  about  1400  intercon¬ 
tinental  ballistic  missfles  (ICBMs)  canying 
about  6300  nuclear-armed  re-entry  vehicles 
(RVs).  They  also  have  about  944  submarine 
launched  b^stic  missiles  (SLBPds)  with  about 
2800  nuclear-armed  RVs  (see  figure  2-1).  The 
Soviets  also  have  several  hundred  interme¬ 
diate-range  ballistic  missiles  based  in  the  So¬ 
viet  Union  that  can  reach  all  or  part  of  Eur¬ 
ope  and  Asia  with  about  1400  nuclear  RVs— 
but  these  are  to  be  eliminated  under  the  Inter¬ 
mediate  Nuclear  Forces  (INF)  agreement 
signed  in  December  1987.  Several  hundred 
shorter-range  missiles  can  deliver  single  war¬ 
heads  from  tens  to  hundreds  of  kilometers; 
many  are  based  in  Soviet  Bloc  countries  and 
can  reach  important  targets  in  NATO  coun¬ 
tries.  Under  the  terms  of  the  INF  agreement, 
the  Soviets  are  also  to  eliminate  their  other 
missiles  with  ranges  above  500  km. 

The  composition  of  the  Soviet  ballistic  mis¬ 
sile  force  wiU  change  over  the  years  during 
which  BMD  might  1^  developed  and  deployed 


'*Pre8id6nt  Ronald  Reagan,  **SDI:  Progress  and  Promise/* 
brieRng  in  Washington,  D.C.  on  Aug.  6,  i9S6.  Current  Policy 
No.  858.  U.S.  Department  of  State,  Bureau  of  Public  Affairs, 
Washington,  DC,  p.  2.  Secretary  of  Defense  Caspar  Weinberger 
has  said,  **When  the  President  says  that  we  are  aiming  at  a 
strategic  defense  designed  to  protect  people,  that  is  exactly  what 
he  means.*'  Speech  at  HarvaH  University,  Sept  6, 1986,  quoted 
by  David  £.  Sanger,  **Weinberg»  r  Denies  Antimissfle  Sblft.**!rbp 
New  York  Times,  Sept  6,  1966,  p.  9. 
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(see  figure  2-2).  The  changes  would  be  mote  dra¬ 
matic  if  the  Soviets  attempted  to  counter  the 
effectiveness  of  prospective  U.S.  defenses.  An¬ 
ticipating  this  “responsive  threat”  is  a  major 
challenge  for  BMD  planners.  The  SDIO  has 
not  been  as  signed  to  address  the  Soviet  abil¬ 
ity,  present:  and  forecast,  to  deliver  nuclear 
weapons  with  aircraft  and  groimd-,  sea-,  or  air- 
launched  cruise  missiles.  The  Air  Force  is  con¬ 
ducting  an  “Air  Defense  Initiative”  (ADI)  that 
is  studying  the  interception  of  air-breating 
weapons.  The  ADI,  however,  is  operating  at 
much  lower  funding  leveb  than  &e  SDl. 


ventional  ammunition  dumps,  supply 
depots,  naval  ports  and  shipyards,  air¬ 
fields,  and  radars; 

3.  economic  targets— industrial  facilities, 
fuel  reserves,  research  centers,  transpor¬ 
tation  nodes,  and  cities;  and 

4.  political  targets— non-military  govern¬ 
ment  facilities,  and  dvil  defense  shelters. 

Each  of  these  sets  of  targets  (for  further  ex¬ 
planation,  see  box  2-A)  has  different  implica¬ 
tions  for  strategic  nude/ir  offensive  and  defen¬ 
sive  operations. 


Targets  To  Be  Defended 

The  three  goals  of  uncertainty,  denial,  and 
assured  survival  remain  abstract  and  ambig^ 
uous  until  we  consider  the  kinds  of  targets  to 
be  defended  against  nudear  attack.  Soviets  at¬ 
tack  objectives  might  include  four  broad  cat¬ 
egories  of  targets: 

1.  strategic  retaliatory  forces— ICBl/l  silos 
(or,  in  the  future,  mobile  ICBMs),  bombers 
(and  refueling  tankers)  at  their  bases,  sub¬ 
marines  in  port,  command  posts,  and  com¬ 
munications  nodes; 

2.  other  milita/y  targets— induding  military 
headquarters,  barracks,  nudear  and  con- 

Figurs  2-2.— Modernization  of  Soviet  ICBMs 
Warhead  Mix 
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^Estimates  based  on  current  trends. 

SOURCE:  US  OcpMitMnI  of  OifonM.  Sovfft  MHHtiy  RsMrfWMlHnaMn,  OC: 
U.S.  Oo¥#mm«ot  Prlrflng  OtfIcB,  t987). 


Strategic  Retaliatory  Forcea 

Tlie  purpose  of  a  Soviet  nudear  attack  on 
U.S.  strategic  nuclear  forces— a  so-called 
"counterforce”  attack— would  be  to  reduce  the 
ability  of  those  forces  to  carry  out  a  retalia¬ 
tory  nudear  attack  on  the  Soviet  Union.  In 
1986  the  Department  of  Defense  estimated 
that  by  attacking  each  of  1000  U.S.  Minute- 
man  missile  silos  with  two  S&18  warheads, 
the  Soviets  could  destroy  about  65  to  80  per¬ 
cent  of  U.S.  land-based  ICBMs.” 

An  attack  would  have  to  succeed  quickly  and 
d^troy  a  high  percentage  of  the  targets.  Other¬ 
wise,  U.S.  weapons  could  be  launched  against 
the  Soviet  Union  (assuming  they  had  not  al¬ 
ready  been  laimched  on  warning,  before  the 
first  Soviet  missiles  arrived).  The  objective  of 
rabstantially  reducing  the  retaliatory  damage 
inflicted  on  the  Soviet  Union  would  not  be  met. 
Thus  slower  bombers  and  cruise  missiles  would 
be  less  suitable  than  ballistic  missiles  for  thia 
kind  of  disarming  attack. 


“U.S.  Department  of  Defense,  Soviet  Military  Power  2986 
(Washington,  DC:  U.S.  Government  Printing  Office,  1986K  p. 
25.  The  UmM  States  maintains  several  hunmed  Poseiden  and 
Trident  missiles  at  sea  at  all  times  and  is  adding  sea-launched 
nudear  cruise  missiles  to  its  arsenal.  It  also  miiint.Mitt«  bom* 
bers  (many  with  cruise  missiles)  on  alert  far  rapid  escape  on 
warning.  The  President's  Commission  on  Strategic  Forces  (the 
“Scoweroft  Commission’*  argued  ;n  1983  that,  in  view  of  over* 
all  U.S.  retaliate  capabilities,  ICBM  vulnerability  did  not  war 
rant  ABM  (anti'ballistic  missile)  defense  of  miMOfle  silos  in  the 
near  term.  Some  argue  that  future  Soviet  anti-submarine  war¬ 
fare  developments  might  compromise  the  survivability  of  U.S. 
baUistic  missile  submarines,  and  that  defease  of  land-based  mis¬ 
siles  mi^t  compensate  for  that  eventuaLty.  Others  argue  that 
if  both  the  Unlt^  States  and  the  Soviet  Union  were  to  deploy 
BMD,  U.S.  retaliatory  missiles  would  be  less  able  U>  fulfill  their 
missions,  whether  launched  from  land  or  sea. 


Box  2-A.— Potential  Targets  for  a  So'det  Nuclear  Ballistic  Missile  Attack 
Strategic  Retaliatory  Forces 

Land  based  iCBMs. -The  United  States  has  about  1,000  intercontinental  ballistic  missUes  in 
hardened  silos.  In  the  1990s  it  may  deploy  “Midgetiaan*'  missiles  on  road-mobile  carrier  vehicles. 
It  may  deploy  some  MX  "Peacekeeper’’  ICBMs  on  railroad  cars  within  U.S.  mihtary  lands.  An  at¬ 
tack  on  land-based  ICBMs  would  have  to  be  swift.  weL -coordinated,  and  accurate.  Othewi^,  many 
of  the  missiles  would  remain  available  for  striking  back  at  the  Soviets.  (The  Soviets  would  also  have 
to  consider  the  risk  that  the  United  State?  would  launch  its  K^BMs  whfle  they  were  under  attack, 
with  many  escaping  destruction  to  retaliate  against  the  Soviet  Union. 

♦  Bomber  Bases.— About  350  strategic  bombers,  abh  to  carry  several  thousand  nuclear  ^mbs 
^  and  cruise  missiles,  are  based  at  some  tens  of  airfields  ar  ound  the  United  States.  Additional  aii*craft 
I  are  needed  to  refuel  the  bombers  in  flight.  Normally,  ;i  substantial  number  of  the  U.S.  strategic 
I  aircraft  are  on  standby  alert  and  might  be  expected  to  <*scape  a  Soviet  missile  attack  gpven  several 
minutes  of  warning;  in  times  of  crisis,  more  bombers  woi  ild  be  placed  on  ^ert.  A  Soviet  attack  might 
try  to  catch  as  many  es  possible  of  the  U.S.  bombers  land  their  refueling  tankers)  on  the  ground 
or  just  after  take-off. 

Submarine  Bases.  -Thirty-odd  submarines  with  several  h^mdred  underwater-launched  ballistic 
missiles  are  based  at  just  a  few  U.S.  ports.  By  plan,  in  peacetime  somewhat  more  than  half  these 
submarines,  with  2,500-3,000  nuclear  warheads,  are  always  at  sea.  Those  in  port  would  be  ewy, 
inviting  targets  for  a  Soviet  strategic  counterforce  attack.  During  a  crisis,  some  of  the  submarines 
in  port  could  be  sent  to  join  those  already  at  sea. 

Communications,  Command,  and  Control  Facifft/es.— Linking  the  above  forces  to  U.S.  National 
Command  Authorities  is  a  network  of  underground  command  posts,  mobile  commrad  posts,  mobile 
communications  (air,  ground,  and  space)  relays,  and  fixed  communications  transnutter  and  receiver 
stations.  A  Soviet  nuclear  attack  is  likely  to  try  to  disrupt  this  network  by  direct  nuclear  destruc¬ 
tion  of  the  fixed  land  facilities  or  by  means  of  nuclear-generated  electromagnetic  pulses  intended 
to  interfere  with  the  functioning  of  electronic  devices. 

Other  Military  Targets 

Military  Headquarters;  Barracks,  Nuclear  and  Conventional  Ammunition  Dumps,  Supply  Depots, 
Naval  Ports  and  Shipyards,  and  Airfie/ds.- Many  other  military  facilities,  while  not  directly  sup¬ 
porting  U.S.  Ttepid-response  strategic  nuclear  forces,  would  be  essential  to  the  conduct  of  conven¬ 
tional  warfare  or  tactical  nuclear  warfare  abroad.  Many  of  these  targets  are  *  soft  •  • .  difficult  to 
shelter  from  the  effects  of  even  relatively  inaccurate  nuclear  weapons. 

Economic  Targets 

Factories,  Power  Plants,  Fuel  Supplies,  and  Transportation  Nodes.— These  are  sometin^  called 
"economic  recovery"  targets.  The  military  purpose  of  attacking  them  might  be  to  eliminate  the 
economic  base  that  supports  U.S.  military  power.  While  the  United  States  might  be  able  to  carry 
out  a  strategic  nuclear  retaliatory  attack  if  its  cities  were  destroyed,  it  could  not  carry  on  a  conven¬ 
tional  war  abroad  very  long. 

Political  Targets 

Government  Facilities  and  Civil  Defense  Shelters.— The  Soviets  might  also  attempt  to  disrupt 
government  to  hinder  economic  and  political  recovery. 
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The  purpose  of  a  U.S.  ballistic  missile  de¬ 
fense  against  such  an  attack  would  be  to  pre¬ 
serve  enough  missiles  and  bombers  to  retali¬ 
ate  successfully  against  the  targets  in  the 
Soviet  Union  designated  by  U.S.  military  plan¬ 
ners. ‘‘  At  a  minimum,  tlte  United  States  might 
wish  defenses  to  add  to  current  Soviet  uncer¬ 
tainties  about  how  well  they  could  prevent 
those  offensive  weapons  from  reaching  the  So¬ 
viet  Union.  If  these  redundant,  hardened  tar¬ 
gets  cc'ila  be  defended  preferentially,  that  is, 
if  defensive  resources  could  be  devoted  to  pro¬ 
tecting  a  sub-set  of  them  that  is  unknown  to 
Soviet  planners,  then  Soviet  confidence  in  be¬ 
ing  able  to  destroy  the  whole  force  might  be 
reduced  to  a  very  low  level.'* 

At  best,  we  would  want  defenses  that  per¬ 
suaded  the  Soviet  Union  of  the  certainty  of  fail¬ 
ure  of  any  preemptive  attack  on  our  strategic 
forces  that  had  the  purpose  of  reducing  sig¬ 
nificantly  the  damage  we  could  do  to  the  So- 
^’iet  Union. 

OthM  Military  Targf  ts 

The  purpose  of  attacking  U.S.  military  tar¬ 
gets  other  than  those  coimected  with  strate¬ 
gic  nuclear  forces  would  be  tu  weaken  or  elim¬ 
inate  the  ability  of  the  United  States  to  project 
military  power  abroad  (to  fight  conventional 
or  limi^  nuclear  wars  in  Eur(^,  Asia,  or  else¬ 
where),  or  even  to  defend  its  own  territory 
against  invasion.  Unlike  sheltered  ICBMs, 
most  of  these  other  military  targets  are  rela¬ 
tively  soft —each  could  be  easily  destroyed  by 
one  or  a  few  moderately  accurate  nuclear  weqh 
ons.  Nor  must  they  be  destroyed  instantane¬ 
ously,  since  they  cannot  be  used  for  a  prompt 
nuclear  retaliation  against  Soviet  territory. 

Since  these  other  military  targets  can  be  de¬ 
stroyed  more  or  less  at  leisme,  strategic  de¬ 
livery  vehicles  other  than  ballistic  missiles  can 


‘’Opinions  vary  greatly  on  bow  many  of  what  kinds  of  tar¬ 
gets  the  Soviets  w^d  have  in  believe  they  would  lose  in  such 
a  retaliation  before  they  would  be  deterred  from  launching  an 
attack  on  the  United  States.  See  OTA,  Baiiiatic  Missile  Defense 
Technologies,  op,  eit.,  pp.  68-76. 

'’For  a  more  detailed  explanation  of  the  concept  of  preferen¬ 
tial  defense,  see  OTA,  Bsllistic  Missile  Defense  Technologies, 
op,  at,  pp.  94-98. 


be  used  against  them— bombers  and  cruise 
missiles  in  particular.  Therefore,  a  strategic 
defense  intended  to  protect  these  targets  must 
be  highly  effective  against  "air  breathing" 
weapons  as  well  as  against  ballistic  missiles. 

The  purpose  of  defendirg  such  targets  would 
be  to  decrease  the  probability  that  a  nuclear 
attack  on  tliem  could  si  gnificantly  weaken  our 
military  power;  at  best  we  would  want  the 
Soviets  to  be  certain  that  such  an  attack  would 
fail. 

It  is  important  to  note  that  many  of  these 
“other  military  targets’  ’  are  located  in  or  near 
urban  complexes,  and  an  attack  on  them  might 
be  hard  to  distinguish  from  a  punitive  dty  at¬ 
tack.  Fallout  would  reach  extensive  areas  of 
the  United  States  and  millions  of  people  might 
die. 

Urban  Economic  and  Political  Targeta 

The  main  military  purpose  of  attacking  the 
U.S.  industrial  and  political  infi'astructures 
would  be  to  remove  the  base  from  which  the 
United  States  exerts  military  and  economic 
power  abroad.  Another  purpose,  however, 
might  simply  be  to  inflict  punishment.  Before 
a  war  occurred,  the  purpose  of  having  such  an 
ability  to  punish  would  be  to  deter  actions  (e.g., 
nuclear  or  nonnuclear  attacks)  by  threatening 
to  impose  a  cost  higher  than  the  expected  gain 
of  such  actions.  For  example,  Britain  and 
France  maintain  nuclear  deterrent  forces  that 
they  believe  help  deter  the  Soviet  Union  from 
attacking  them,  even  though  the  effects  of 
those  forces  on  Soviet  military  capabilities 
might  be  more  indirect  than  dh^t.'* 

Even  a  few  tens  of  nudear  weapons  landing 
on  U.S.  dties  would  cause  unprecedented  de¬ 
struction  in  this  country.  Extensive  use  of  dvil 
defense  measures,  if  feasible,  might  ameliorate 
the  effects  of  such  destruction  (e.g.,  if  dty  pop¬ 
ulations  could  be  evacuated  and  sheltered  ^m 
radioactive  fallout  and  if  industrial  machinery 
could  be  sheltered).  But  even  more  so  than  the 


might  be  noted,  however,  thtt  Uie  Moscow  area  has  many 
military  fadlitiea;  attacks  on  them  would  have  widespread  mil¬ 
itary  as  wrM  as  civilian  consequences. 


kinds  of  “soft”  military  targets  described 
above,  cities  are  vulnerable  to  attacks  over 
hours  and  days  by  bombers  and  cruise  missiles 
as  well  as  by  ballistic  missiles.  Defending  cit¬ 
ies,  then,  would  require  extremely  effective  air 
defenses  as  well  as  missile  defenses. 

The  purpose  of  defending  against  attacks  on 
urban  industrial  targets  would  be  primarily  to 
save  lives,  property,  and  civilized  society. 
Militarily,  the  purpose  of  having  such  defenses 
would  be  to  persuade  potential  attackers  that 
we  could  so  limit  damage  to  our  Nation  that 
we  would  not  have  to  constrain  our  own  ac¬ 
tions  out  of  fear  of  the  effects  of  an  enemy  nu- 
dear  attack. 

From  the  standpoint  of  deterrence,  various 
considerations  may  affect  just  how  much  we 
believe  we  need  to  limit  damage  to  our  N  ation. 
One  consideration  might  be  relative  damage: 
would  the  damage  the  United  States  is  likely 
to  suffer  in  a  nudear  war  be  mcne  or  less  acc^t- 
able  to  us  than  the  damage  the  Soviets  are 
likely  to  suffer  would  be  to  them?  Another 
measure  might  be  absolute:  regardless  of  how 
much  damage  we  could  inflict  on  the  Soviets, 
under  what  conditions  would  we  be  willing  to 
accept  the  amount  of  damage  they  could  in¬ 
flict  on  us  (and  vice-versa)? 

An  open  question  is  just  how  limited  the  po¬ 
tential  damage  would  have  to  be  before  the 
United  States  would  decide  to  give  up  entirely 
its  own  ability  to  ciury  out  a  nuclear  retalia¬ 
tion  against  potential  attackers.  That  is,  at 
what  point  would  we  decide  to  rely  on  defense 
rather  than  the  threat  of  retaliation  for  our  own 
security? 

The  Special  Case  of  Defense  of  Allies 

Part  of  the  stated  mission  of  the  SDI  is  to 
design  defenses  to  protect  U.S.  allies  tigainst 
ballistic  missiles.  But  the  purposes  and  tech¬ 
nical  problems  of  doing  so  differ  .somewhat 
from  those  of  defending  the  continental  United 
States. 

In  the  case  of  North  Atlantic  Treaty  Orga¬ 
nization  (NATO)  allies,  for  example,  the  So¬ 
viet  ability  to  deliver  nuclear  weapons  onto 
Western  European  soU  is  massive  and  diverse. 


Besides  their  land-  and  sea-based  long-range 
ballistic  missiles,  the  Soviets  might  use  hun¬ 
dreds  of  short-range  ballistic  missiles  (inter¬ 
mediate-  and  me&um-range  missiles  with 
ranges  above  500  km  are  to  be  eliminated  un¬ 
der  the  terms  of  the  INF  Treaty  signed  in  De¬ 
cember  1987).  Thousands  of  Soviet  and  War¬ 
saw  Pact  tactical  aircraft  are  credited  with  the 
ability  to  strike  Western  Europe.  Air-  and 
g^round-launched  cruise  missiles  are  or  will  be 
available. 

The  probability  of  being  able  to  defend  Eu¬ 
rope’s  densely  populated  texritory  against  all 
the  potential  Idnds  of  nuclear  attacks  on  cit¬ 
ies  and  industries  seems  low.  Therefore,  most 
proponents  of  BMD  for  the  European  theater 
of  war  focus  on  the  defense  of  what  are  rbove 
called  “other  military  targets”— command 
posts,  communications  nodes,  shelto^  weap- 
ons-storage  sites  (nudear  and  nonnuclear),  and 
airfields.  BaWstic  missile  defenses  might  at 
least  disrupt  and  reduce  the  effectiveness  of 
Soviet  nuclear  missUe  attacks  on  such  targets 
(though  other  means  of  delivery  would  also 
need  to  be  dealt  with). 

Moreover,  some  believe  that  as  Soviet  bal¬ 
listic  missUe  accuracies  increase,  the  Soviets 
might  use  those  missiles  to  attack  military  tar¬ 
gets  with  nonnuclear  explosive  or  chemical 
warheads.  Stopping  moderately  high  (and  in 
some  cases  even  modest)  percentages  of  the 
warheads  in  such  attacks  might  make  a  mili¬ 
tary  difference.'*  Others  argue,  however,  that 
the  conventional  tactical  ballistic  missile 
threat,  if  it  exists,  is  minor  compared  to  others 
NATO  will  have  to  contend  with  in  the  future.'* 

Another  mission  for  Soviet  “theater”  bal¬ 
listic  missiles  might  be  the  delivery  of  chemi¬ 
cal  weapons  intended  to  incapacitate  NATO 
troops.  Again,  the  interception  of  a  significant 
percentage  of  such  missiles  might  make  the 
difference  between  some  troops  surviving  a 
chemical  attack  or  not. 


**See  Manfred  Woemer.  **A  Missile  Defense  for  NATO  Eur^ 
ope,**  Strategic  Review,  Winter  1986,  pp.  13ff. 

**For  a  det^ed  technical  analysis,  see  &noit  Morel  and  The> 
odore  A.  Postol,  **  A  Technical  Assessment  of  The  Soviet  TBM 
Threat  to  NATO,*’  to  be  published  by  the  American  Academy 
of  Arts  and  Sciences,  Cambridge,  MA. 
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The  shorter  range  Soviet  ballistic  missiles 
differ  in  flight  characteristics  fi'om  their  larger 
relatives:  their  trajectories  are  shorter  and  con¬ 
fined  to  lower  altitudes.  While  they  travel  more 
slowly,  their  shCiler  flight  times  also  leave  less 
time  for  them  to  be  intercepted.  On  the  other 
hand,  because  these  missiles  spend  a  greater 
part  of  their  flight  time  inside  the  atmosphere, 
reentry  vehicle  decoys  present  less  of  a  prob¬ 
lem  to  the  defense.  Space-based  BMD  (espe¬ 
cially  of  the  kinetic  1^  variety)  would  be  of 
limited  utility,  and  ground-bas^  rocket-inter¬ 
ceptors  would  be  the  likeliest  BMD  candidates. 

The  SDI  Scenario 

Various  statements  by  Reagan  Administra¬ 
tion  officiab  over  the  fiirst  4  years  of  the  Stra¬ 
tegic  Defense  Initiative  can  be  combined  to 
form  a  scenario  about  how  successively  more 
ambitious  goals  for  strategic  defenses  might 
be  achieved.*^  The  expectation  of  the  Adi^- 
istration  is  that  SDI  research  will  show  that 
deployment  of  ballistic  missile  defenses  is  fea¬ 
sible  and  desirable.  As  President  Reagan  has 
said,  “When  the  time  has  come  and  the  re¬ 
search  is  complete,  yes,  we’re  going  to  de¬ 
ploy.”** 

In  the  early  stages  of  deployment,  accord¬ 
ing  to  the  Administration  scenario,  ^viet  at¬ 
tack  uncertainties  would  increase,  thus  reduc¬ 
ing  the  probability  of  a  Soviet  first-strike 
decision  (though  not  the  damage  they  might 
inflict  should  they  choose  to  attack).  At  first, 
minimal  defense  capabilities  would  only  com¬ 
plicate  Soviet  attack  plans.  As  strategic 
defenses  became  more  capable,  the  Soviets 
ought  to  be  more  persuad^  that  the  military 
purposes  of  any  attack  would  fail.  Neverthe¬ 
less,  as  long  as  a  substantial  number  of  tar¬ 
gets  in  the  United  States  were  still  vulnerable 
to  attack,  we  would  have  to  continue  develop¬ 
ing  and  deploying  offensive  strategic  nuclear 


‘^For  a  list  of  aUtementa  prior  to  August,  1985,  mo  OTA, 
Ballistic  Missile  Defense  Technologies,up.  at.,  App.  i,  pp. 
308-309. 

'■President  Ronald  Reagan,  **SDI;  Progress  and  Promise,** 
brieRng  in  Washington.  DC,  on  Aug.  6.  1986,  Current  Policy 
No.  858,  U.S.  Department  of  State,  Bureau  of  Public  Affairs, 
Washington,  DC,  p.  2. 


weapons.  As  Secretary  of  Defense  Weinberger 
has  written: 

From  the  outset,  we  have  insisted  that 
progress  toward  an  effective  SDI  will  have  to 
proceed  hand  in  hand  v  Ith  regaining  an  effec¬ 
tive  offensive  deterrent  . 

The  Administration  hopes,  however,  that 
ultimately  offensive  deterrence  can  be 
abandoned: 

As  the  United  States  has  repeatedly  made 
clear,  we  are  moving  toward  a  future  of  greater 
r^ance  upon  strategic  defense.  The  United 
States  remains  prepared  to  talk  about  how- 
under  what  ground  ndes  and  process— we  and 
the  Soviet  Union  can  do  this  cooperatively. 
Such  strategic  defenses,  coupled  with  radical 
reductions  in  offensive  f(»ces,  would  represent 
a  safer  balance  and  would  give  future  states¬ 
men  the  opportunity  to  move  beyond  it— to 
the  ultimate  elimination  of  nucleiu*  weapons 
from  the  face  of  the  Earth.** 

Ilie  key  to  this  ultimate  goal  is  seen  to  be 
the  development  and  deployment  of  defenses 
that  are  unequivocally  cheaper  than  corr^ 
spending  amounts  of  offense.  A  s  SDIO  futs  it: 

We  seek  defensive  options— as  with  other 
military  systems— that  are  able  to  maintain 
capability  more  easily  than  countermeasures 
could  be  taken  to  try  to  defeat  them.  This  cri-  ' 
terioo  is  couched  in  terms  of  cost-effectiveness. 
However,  it  is  much  more  than  an  economic 
concept.*' 

"Caspar  V>'.  Weinbsraar,  “U.S.  Dabnaa  Stratagy,”  Fonign 
Affairs,  Spring  1966,  p.  678. 

Earlier  in  tha  same  article  Waiabargaraiplainad  his  eoBcapt 
of  a  molti-levatad  detarrant: 

If  the  adversary  calculataa  that  hta  aggraaaioo  la  likely  to  N1  ia 
itaown  terroa,  ha  will  oot  attack.  Furtbar.  ha  nraat  know  that  avaa 
if  hie  aggraaakm  abnuld  auccoad  in  achieving  ita  immadiata  objac- 
tivaa,  ha  faces  the  threat  of  escalation  to  boatihtiaa  that  woold  ex¬ 
act  a  higher  coct  than  he  ia  willing  to  pay.  In  addition  to  defaaae 
and  escalation,  the  third  layer  is  retaliation:  if  the  adversary  coo- 
fronu  a  credible  threat  that  aggreeaioa  will  trigger  attacks  by  a 
surviving  U.S.  retaliatory  c^ability  against  the  attacker's  vital 
intereate  that  result  in  loaaee  exceeoing  any  possible  gain,  he  will 
not  attack. 

Ibid.,  p,  678. 

■■pTMident  Ronald  Reagan,  Speech  to  the  U.N.  General  Ae- 
eembly.  Sept  22, 1986,  reprinted  in  The  Washingtoo  Post,  Sept 
23.  1986,  p.  A16. 

**Strate^  Defenae  Initiathfe  Organizatkai,  Aiport  to  the  Cho- 
gress  on  the  Strategic  Defense  Initiative,  April  1987,  p.  IV-3. 
It  should  be  added  that  not  only  ahould  capability  be  maintain- 
able  at  the  margin,  but  that  our  initial  acquiaitJon  of  defenae 
capability  needa  to  be  .<\ffordable  in  compariaoo  with  the  coet 
to  the  So\  ieta  of  upgracu£.g  their  current  offenaive  capabilitiea 
to  counter  our  defenaes.  The  offenae,  being  alreedy  in  place,  haa 
a  head  atart  on  defenaes  yet  to  be  built 


Such  a  favorable  “cost-exchange*'  ratio  be¬ 
tween  defenses  and  offenses  would  be  intended 
to  persuade  the  Soviets  of  the  futility  of  con¬ 
tinuing  a  competition  in  offensive  arms.  The 
SDIO  has  stated  that: 

Program  success  in  meeting  its  goal  should 
be  measured  in  its  ability  both  to  counter  and 
discourage  the  Soviets  from  continuing  the 
growth  of  their  offensive  forces  and  to  chan¬ 
nel  longstanding  Soviet  propensities  for  de¬ 
fenses  toward  more  stabilizing  and  mutually 
beneficial  ends  ...  It  could  provide  new  and 
compeaing  incentives  to  the  Soviet  Union  for 
sehcus  negotiations  on  reductions  in  existing 
offensive  nuclear  arsenals.’’** 

Agreements  on  mutual  offensive  reductions 
‘^ould  make  defensive  tasks  easier  for  each  side. 
Thus  the  ^viets  co»z!u  'oe  offered  both  a  car¬ 
rot  (possibility  of  their  own  effective  defenses) 
and  a  stick  (threat  of  losing  an  arms  race  be¬ 
tween  offenses  and  defenses)  as  incentives  to 
subscribe  to  the  U.S.  scenario. 

Current  SDI  Goals 

The  scenario  shown  in  table  2-1  for  the  SDI 
suggests  the  following  official  attitudes  toward 
the  three  goals  of  uncertainty,  denial,  and  as¬ 
sured  survival. 

Uncertainty 

Imposing  greater  uncertainty  on  Soviet  at¬ 
tack  planners  would  be  an  initial  benefit  of  de¬ 
ploying  BMD,  but,  presumably  is  not  in  itself 
sufficient  to  justify  the  SDL 

Denial 

Denial  of  Soviet  military  objectives  in  a  bal¬ 
listic  missile  would,  in  itself,  justify  deploy¬ 
ing  BMD.  Secretary  Weinberger  has  said: 

...  our  strategic  defense  need  not  be  100  per¬ 
cent  leakproof  in  order  to  provide  an  extraordi¬ 
nary  amount  of  deterrence.  Even  a  partially 
effective  defense  would  convince  Moscow  that 
a  first-strike  was  ^tile.  And  once  we  have  ren¬ 
dered  a  Soviet  first-strike  obsolete  and  un¬ 
thinkable,  we  will  have  dramatically  increased 


Table  2-1.^Strategic  Dafenee  Initiative  Scenario 


Stage  1: 

SDI  Research 


Stage  2: 

Development  and 
production  of  BMD 
systems 


Stage  3: 

Initial  BMD 
deployments 


Leads  to  national  decision  In  ear¬ 
ly  1990’8  to  proceed  to  full- 
scale  engineering  development 
aimed  at  deployment  of  BMD 
(reference  to  early  1990s  date 
dropped  by  SDIO  in  1987) 

Preparation  for  deployment  in 
mid-tc-iatc  19^8  feartier  initial 
deployments  rais^  as  possi¬ 
bility  by  Secretary  Weinberger 
In  1987) 

Introduces  uncertainty  Into 
Soviet  strategic  nuclear  attack 
planning;  deployments  prefera¬ 
bly  coordinated  by  agreement 
with  Soviets  on  transition  to 
defenses,  but  proceeds  in  any 
case 


Stage  4: 

Extensive  deploy¬ 
ment  of  highly  ef¬ 
fective  BMD 


Stage  5: 

Deployment  of  ad¬ 
vanced  BMD  sys¬ 
tems,  combined 
with  agreed  deep 
reductions  in 
offenses 


Denies  Soviet  strategic  forces 
ability  to  achieve  military  ob¬ 
jectives;  d  >monstrates  to 
Soviets  futility  of  competition 
in  offensive  strategic  missiles 

Deep  reductions  in  all  types  of 
offensive  strategic  nuclear 
forces  plus  defer.ses  allows 
abandonment  o'  threat  of 
nuclear  retaliation  for  security: 
assured  survival  achieved 


po  tht  Stwgic  Defense  lniUsti¥0,  i8 
ifHnitt  ration  atatomonta. 


B.  p.  IV- 12  and  othar  Ad' 


stability  and  rested  deterrence  on  a  rock-solid 
basis.  But  bear  in  mind  that  our  goal  remains 
to  make  ballistic  missiles— the  most  rioat-jhiii.. 
ing  and  dangerous  weapons  known  to  man- 
obsolete." 

Assured  Survival 

The  goal  of  assured  survival  may  well  require 
Soviet  cooperation  in  offensive  nuclear  disar¬ 
mament.  A  perfect  defense  against  aU  ballis¬ 
tic  missUes  may  not  be  possible,  and: 

Even  a  thoroughly  reliable  shield  against 
ballistic  missiles  would  still  leave  us  vulner¬ 
able  to  other  modes  of  delivery,  or  perhaps 
even  to  other  devices  of  mass  destruction.  De- 


"Ibid.,  pp.  IV-l-2. 


"Remarks  before  the  Ethics  and  I-ublic  Policy  Center.  Wash¬ 
ington.  DC,  Sept.  26.  1986. 
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spite  an  essentially  leakproof  missile  defense, 
we  might  still  be  vulnerable  to  terrorist  at¬ 
tacks  against  our  cities.  Our  vision  of  SDI 
therefore  calls  for  a  gradual  transition  to  ef¬ 
fective  defenses,  including  deep  reductions  in 
offensive  nuclear  weapons.** 

In  the  expressed  Administration  view,  then, 
the  SDI  should  aim  ultimately  for  ballistic  mis- 


“Weinberger.  "U.S.  Defense  Strategy.”  dp.  at.,  p.  684. 


sile  defense  systems  that  are  nearly  leakproof. 
One  way  of  achieving  assured  survival  might 
be  to  build  defenses  so  effective  that  they 
would  succeed  no  matter  what  the  Soviets 
might  thror  them.  Another  way  might  be 
to  build  d>  tense-'  that  promise  to  be  so  effec¬ 
tive  that  tJ  e  So-  lets  would  prefer  to  negoti¬ 
ate  offenses  ou  both  sides  away  rather  than 
embark  on  an  offense-defense  race  that  the. 
have  been  persuaded  they  would  lose  techni¬ 
cally  or  economically. 


THE  CRITERIA 

Supporters  and  critics  of  the  SDI  would 
probably  both  agree  that  proposals  for  deploy¬ 
ing  ballistic  missile  defense  should  meet  at 
least  the  four  following  criteria: 

1.  effectiveness, 

2.  affordability, 

3.  favorable  cost-exchange  ratio,  and 

4.  survivability. 

Note  that  in  each  case,  meeting  the  criterion 
will  be  at  least  partly  dependent  on  Soviet  de¬ 
cisions  and  actions:  the  Soviets  can  make  the 
job  harder  or  easier  for  the  defense.  In  an  un¬ 
constrained  arms  race,  they  would  do  what 
they  could  to  make  the  job  harder.  In  a  coop¬ 
erative  regime  of  mutual  defensive  deploy¬ 
ments  and  offensive  reductions  and  controls, 
each  side  might  make  the  BMD  job  easier  for 
the  other. 


Effectiveness 

Obviously,  before  deciding  to  deploy  a  BMD 
system  we  would  want  to  be  confident  that  it 
would  be  effective— that  it  would  work  well 
enough  to  achieve  the  goals  set  for  it.  Effec¬ 
tiveness  needs  to  be  evaluated  on  two  com¬ 
plementary  levels.  One  level  is  technical  per¬ 
formance:  how  well  can  the  proposed  BMD 
system  perform  against  the  missUe  threat  ex¬ 
pected  at  the  time  of  defense  deplo3anent?  On 
a  high^  level,  would  such  performance  provide 
a  better  basis  for  deterrence,  strengthen  stra¬ 
tegic  stability,  and  increase  U.S.  and  Allied 


OF  '  Ai^’BILITY 

secuii*.-  '  h  *  goals  stated  by  SDIO?  This  sec¬ 
ond  lev .  ‘  ‘ '  ./*.alyses  received  considerable  at¬ 
tention  In  we  1985  OTA  report  on  Ballistic 
Missile  Defense  Technolopes,  so  it  will  receive 
much  less  attention  in  this  report. 

On  the  level  of  technical  performance,  it  is 
diffiadt  to  decide  what  “effectiveness”  means. 
For  example,  one  frequently  used  criterion  of 
BMD  effectiveness  is  “leaka^  rate”:  what  per¬ 
centage  of  a  specified  Soviet  missile  attack 
would  we  expect  to  penetrate  om  defenses  and 
what  percentage  could  we  stop?  Given  the 
enormous  destructive  power  of  nuclear  weap¬ 
ons,  though,  leakage  rates  may  only  tell  part 
of  the  story.  A  leakage  rate  of  10  percent  might 
sound  worthwhile,  and  for  some  purposes  it 
may  be.  But  under  an  attack  of  10,000  nuclear 
warheads,  a  10  percent  leakage  rate  would 
mean  1000  nuclear  detonations  on  U.S.  ter¬ 
ritory. 

Another  problem  with  leakage  rate  as  a 
measure  of  effectiveness  is  that  it  is  likely  to 
vary  with  the  size  and  nature  of  attack.  For 
example,  a  system  that  could  stop  only  50  per¬ 
cent  of  a  massive,  nearly  instantaneous  attack 
might  stop  100  percent  of  an  attack  consist¬ 
ing  of  two  or  three  missiles.  On  the  other  hand, 
a  system  that  could  stop  50  percent  of  an  at¬ 
tack  of  a  certain  size  might  not  be  expandable 
in  such  a  way  that  it  could  stop  50  percent  of 
an  expanded  enemy  missile  force.  In  addition, 
to  maintain  damage  at  a  fixed  level,  the  de¬ 
fense  would  have  to  stop,  for  example,  75  per¬ 
cent  of  a  doubled  atta^. 
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A  slightly  better  indicator  of  effectiveness, 
then,  might  be  the  absolute  number  of  nuclear 
warheads  penetrating  the  defense  under  the 
severest  plausible  attack.  Such  an  estimate 
would  give  a  better  indication  of  the  maximum 
damage  a  Soviet  attack  might  inflict. 

An  even  better  indicator  would  be  the  num¬ 
bers  of  different  types  of  targets  that  the 
United  States  would  expect  to  survive  a  mis¬ 
sile  attack.  This  approach  would  take  into  ac¬ 
count  the  numbers  of  attacking  weapons,  the 
numbers  of  penetrating  weapons,  the  numbers 
and  types  of  targets  attacked,  and  the  num¬ 
bers  and  types  of  targets  protected.  These 
numbers  might  be  translated  into  percent4iges 
of  types  of  targets  surviving— e.g.,  70  percent 
of  the  land-based  missile  force.**  We  might 
carry  the  analysis  further  by  weighing  the 
values  of  different  types  of  targets.  For  exam¬ 
ple,  one  underground  strategic  command  post 
might  be  worth  10  missile  silos. 

All  of  the  above  indicatma  would  be  diffi¬ 
cult  to  apply  with  precision.  And  the  more  fac¬ 
tors  an  indicator  has  to  take  into  account,  the 
more  imprecise  it  is  likely  to  be.  Indeed,  there 
would  be  no  direct  way  to  measure  the  poten¬ 
tial  effectiveness  of  a  BMD  system:  o^y  an 
actual  nuclear  war  would  do  so.  Instead,  we 
would  have  to  rely  on  estimates,  based  on  as¬ 
sumptions  about: 

•  enemy  offensive  technical  capabilities 
(numbers  of  weapons,  accuracy,  explosive 
}rields,  ability  to  penetrate  defenses): 

•  enemy  target  attack  plans; 

•  defensive  technical  capabilities; 

•  vulnerability  of  targets  defended;  and 

•  the  objective  and  subjective  relative  val¬ 
ues  of  targets  defended. 

These  factors  would  be  difficult  for  U.S.  plan¬ 
ners  to  assess.  They  would  also  be  difficult  for 
Soviet  planners  to  estimate.  Therefore,  if  the 
U.S.  goal  is  mainly  to  introduce  uncertainties 
into  ^viet  strategic  calculations,  precise  meas¬ 
ures  of  BMD  effectiveness  might  not  be  nec- 


**Note  that  ptanning  to  panetrate  defenses  may  require  the 
offense  to  concentrate  his  ittac'is  on  higher-value  targets.  In 
that  case,  the  targets  which  he  no  longer  has  enou^  weapons 
to  strike  can  be  considered  **aaved"  by  the  defense. 


essary.  On  the  other  hand,  if  we  wished  to  be 
certain  of  deriying  Soviet  attack  objectives,  we 
might  need  higher  confidence  in  our  estimates. 

At  the  sane  time,  if  the  Soviets  decided, 
along  with  the  Unit^  States,  that  defenses 
were  desirable,  then  each  side  could  help  make 
them  more  effective  by  agreeing  to  deep  cuts 
in  offensive  weapons  and  to  restrictions  on 
countermeasures  against  defenses. 

Affordability 

If  and  when  the  Department  of  Defense  even¬ 
tually  presents  its  proposals  for  deploying 
BMD,  the  country  wffi  have  to  decide  whether 
the  expseted  benefits  would  be  worth  the  ex¬ 
pected  costs.  Part  of  the  SDI  research  |»ngram 
is  to  estimate  costs  for  the  proposed  systems. 
For  various  reasons,  the  initial  cost  estimates 
for  complex  weapon  systems  tend  to  be  inac¬ 
curate,  and  usuidly  too  low.  Producing  relia¬ 
ble  cost  estimates  fw  future  BMD  systems  will 
be  a  challenging  task. 

Another  part  of  the  SDI  program  is  to  at¬ 
tempt  to  develop  new,  cheaper  ways  to  manu¬ 
facture  weapons  and  to  deploy  them  in  space.** 
The  ultimate  weighing  of  costs  and  benefits 
will  be  a  political  judgment  made  by  the  Presi¬ 
dent  and  Congress.  But  a  critical  part  of  the 
d^onstration  of  technical  feasibility  of  BMD 
will  be  that  the  proposed  systems  can  be  buQt 
at  a  cost  the  countiy  woul^  at  least  arguably, 
find  reasonable. 

As  mentioned  above,  Soviet  actions  could 
make  effective  BMD  more  or  less  affordable. 
If  they  chose  to  invest  heavily  in  offensive 
countermeasures  timed  to  take  effect  about 
when  our  defenses  might  be  deployed,  they 
could  make  those  defenses  much  more  expen¬ 
sive  than  if  th^  stabilized  the  threat  th^  pose 
at  today’s  levels.  Alternatively,  in  a  coopera¬ 
tive  regime  they  could  make  defenses  cheaper 
.%  '^y  agreeing  to  decrease  their  offensive  threat 


"Until  a  ra-organizatiwi  in  1987,  tha  SDIO  Syatams  Engi- 
'^j^foring  Directorate  was  in  charge  of  this  program,  among  others. 
Tm^vstems  Engineering  program  element  of  the  SDI  budget 
rece^vea  ;20,2  mUlion  in  fiscal  year  1987;  $39  mUUon  was  le- 
quested  for  fiactel  year  1988. 
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in  exchange  for  reductions  in  the  U.S.  offen¬ 
sive  threat. 

Favorable  Cost-Exchange  Ratio 

The  Nation  must  decide  not  only  that  a  par¬ 
ticular  defense  system  proposed  at  a  particu¬ 
lar  time  is  affordable,  but  whether  the  poten¬ 
tial  long-run  competition  of  U.S.  defenses 
against  Soviet  offenses  is  likely  to  be  afforda¬ 
ble  in  the  future.  In  the  absence  of  a  long-term 
U.S.  commitment  to  sustaining  defensive  ca¬ 
pabilities,  the  Soviets  would  have  incentives 
to  stay  in  the  “game”  until  the  United  States' 
will  to  spend  Gagged. 

One  way  to  try  to  persuade  the  Soviets  to 
abandon  efforts  to  miuntain  offensive  capabil¬ 
ities  would  be  to  demonstrate  clearly  that  ad¬ 
ditional  increments  of  offence  would  be  more 
costly  to  the  Soviets  than  corresponding  in¬ 
crements  of  defense  would  be  to  the  United 
States.  Therefore,  a  corollary  goal  of  the  SDI 
is  to  design  defenses  that  are  cheaper  “at  the 
margin”  than  offenses.  If  the  “cost-exchange” 
ratio  were  favorable  to  defenses,  and  if  the  two 
sides  invested  equal  resources  in  defenses  and 
offenses  respectively,  then  the  side  investing 
in  offenses  should  find  its  capabilities  inexora¬ 
bly  declining. 

Achieving  this  favorable  cost-exchange  ra¬ 
tio  will  be  technically  challenging.  Accurately 
estimating  the  costs  of  de^sive  systems 
would  be  difficult  enough.  Attaining  high  con¬ 
fidence  that  the  ratio  of  U.S.  defensive  costs 
to  Soviet  offensive  costs  would  be  favorable, 
even  before  the  United  States  deployed  its 
defenses  and  before  Soviet  offensive  counter¬ 
measurer  were  known  would  be  even  more  dif¬ 
ficult.  Neither  side  may  actually  know  the  rela¬ 
tive  costs  of  addition^  increments  of  defense 
and  offense  imtil  they  actually  buy  them.” 


*^11  might  be  argued  that,  faced  with  these  uncertaintiee,  the 
Soviets  would  accede  to  the  U.S.  propoeal  for  a  negotiated  traiv 
sition  that  regulated  offensive  a^  defensive  deployments.  On 
the  other  hand,  drafting  such  an  agreement  that  aides  would 

find  equitable,  given  the  asymmetries  in  forces  and  technologies 
on  the  two  sidM,  would  be  a  formidable  task. 


Because  the  United  States  and  the  Soviet 
Union  have  such  different  econcuies,  it  will 
be  difficult  to  quantify  the  cost-exchange  ra¬ 
tio.  Moreover,  the  effective  cost-exchange  ra¬ 
tio  may  differ  fi'om  the  technical  one.  T^t  is, 
the  ratio  depends  not  only  on  what  things  cost, 
but  also  on  what  people  are  willing  to  pay.  If 
the  Soviets  are  willing  and  able  to  pay  for  an 
increment  of  offense  that  is  more  costly  than 
our  corresponding  increment  of  defense,  for 
practical  purposes  the  cost-exchange  ratio  is 
at  least  even.  The  SDI  objective,  then,  is  to  per¬ 
suade  the  Soviets  that  the  defenses  we  can  af¬ 
ford  will  more  than  offset  the  offenses  they  can 
afford.  Thus  the  offense/defense  cost-exchange 
ratio  may  have  to  be  not  just  1.6:1  or  2:1,  but 
several-to-one. 

On  the  other  hand,  if  the  Soviets  were  to 
agree  with  the  United  States  that  a  mutual  re¬ 
duction  of  offensive  missile  capabilities  was 
worthwhile  and  that  defenses  were  desirable, 
then  the  technical  challenge  could  be  reduced. 
In  effect,  mututJ  political  decisions  could  im¬ 
prove  the  cost-exchange  ratio  by  mandating 
reductions— rather  than  enhancements— of 
offensive  capabilities,  along  with  limitations 
on  other  offensive  countermeasure. 

Survivability 

One  <  >f  the  many  possible  types  of  counter¬ 
measures  against  a  BMD  system  is  to  attack 
the  system  itself —which  will  be  called  ‘  'defense 
suppression”  in  this  report  Obviously,  to  cany 
out  its  defensive  mission,  the  BMD  system 
must  survive  such  attacks.  “Survivability” 
does  not  mean  the  ability  of  every  element- 
each  satellite,  e.g.— to  survive  any  atta  ck. 
Rather,  it  means  the  ability  of  the  system  as 
a  whole  to  perform  accq>tably  despite  attacks 
that  may  disable  some  elements. 

No  BMD  ^stem  will  be  either  survivable 
or  not  survivable.  The  question  wfll  be,  “How 
survivable,  at  what  cost?”  The  cost-exchange 
ratio  between  defense  and  offense  will  h?ve  to 
be  calculated  on  the  basis  of  the  costs  of  all 
kinds  of  offensive  response,  including  defense 
suppression,  compart  to  the  costs  of  all  kinds 
of  defensive  counter-countermeasures,  includ¬ 
ing  “survivability”  measures. 


ymn 


The  remainder  of  tliis  report  surveys  what  systems  that  would  meet  the  effectiveness,  af- 
was— and  was  not-known  as  of  April  1988  fordability,  cost-exchange,  ard  survivability 
about  the  potential  of  the  SDI  for  developing  criteria. 
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Chapter  3 

Designing  a  BMD  System: 
Architecture  and  Trade-off  Studies 


THE  IMPORTANCE  OF  BMD  ARCHITECTURE  STUDIES 


Researchers  have  performed  proof-of-prin- 
ciple  experiments  for  some  Strategic  Defense 
Initiative  (SDI)  technologies.  But  many  of  the 
basic  technologies  for  the  SDI  are  still  in  an 
expaimentah  or  even  theoretical,  stage.  There¬ 
fore  it  might  seem  premature  to  be  designing 
full-scale  ballistic  missile  defense  (BMD)  sys¬ 
tems  for  dqilo}anent  not  oaaly  in  the  mid-1990s, 
but  in  the  21st  century.  In  fact,  such  designs 
Me  key  to  assessing  the  feasibl  'ty  of  achiev¬ 
ing  U.S.  strategic  goals  through  ballistic  mis¬ 
sile  defense.  National  decisionmakers  only 
fully  evaluate  proposed  systems  on  the  merit 
of  system  architectures,  not  oh  the  promise  of 
one  teclmology  or  another.  If  called  upon  to 
appropriate  funds  for  BMD  development  and  de- 
plojnnent,  Congress  will  be  asked  to  decide  upon 
an  architecture — a  specific  system  design  com- 
prismg  many  technologies  and  components. 

Attempting  such  designs,  or  “system  ar¬ 
chitectures,”  as  the  Strategic  Defense  Initia¬ 
tive  Organization  (SDIO)  calls  them,  compels 
systematic  analysis  of  all  the  factors  that  will 
affect  SDI  feasibility.  In  the  near  term,  such 
analysis  helps  guide  the  technology  research 
effort.  In  the  long  term,  it  will  provide  the  sub¬ 
stance  of  the  national  debate  over  whether  to 
deploy  BMD. 

System  architecture  analysis,  if  done  well, 
will  provide  some  of  the  key  elements  of  infor¬ 
mation  upon  which  to  base  decisions  about 
whether  to  commit  the  Nation  to  d^loying  any 
proposed  BMD  system: 

•  Specification  of  Goals.  Explicit  identifica¬ 
tion  of  the  particular  strategic  goals  that 
BMD  system  designs  will  be  expected  to 
achieve  (e.g.,  impose  uncertainty  on  So- 

Note:  Complete  deSnitione  of  acrtxaynu  and  uutUdiams 

are  listed  in  Appendix  B  of  tbia  report. 


viet  strategic  planners);  understanding  of 
those  goals  in  the  larger  cr>ittext  of  U.S. 
national  security;  and  cos  ^effectiveness 
comparisons  of  alternate  means,  if  any, 
of  achieving  the  goals. 

'  Specification  of  Threat.  '.Vojections  of  fu¬ 
ture  Soviet  missile  ar^d  BMD  counter¬ 
measures  that  BMD  system  designs 
would  be  e3q>6cted  t  j  overcome. 

Syst^  Requirements,  ^ledfinatipn  of  the 
missil^interception  tasks  and  sub-tasks 
that  elective  BMD  ^etems  would  have 
to  p^orm  to  meet  the  pi-oject  threats; 
spedficaticn  of  passive  s '  d  active  surviv¬ 
ability  measures  for  the  system. 

Systra  Desigris.  Proposals  for  integrating 
sensors,  weapons,  and  command  and  con¬ 
trol  arrangs'nents  into  BMD  systems  t-haf. 
wmild  likely  meet  system  requirements 
and  that  or^d  be  practicably  modified  to 
meet  charging  t^ats;  and  specification 
of  how  te^dmologtes  under  research  would 
be  inooiporated  into  a  BMD  system — such 
a  design  is  called  a  system  architecture. 
Technology  Requirements.  Spedficaticn  of 
the  technologies  needed  to  build  the 
weapon  systems  required  by  the  overall 
system  design,  by  the  deployment  and 
maintenance  plans,  and  by  plana  for 
adaptive  evolution  of  the  system  to  meet 
Ranges  in  the  threat;  and  plan  for  bring- 
i^  all  technology  developments  to  frui¬ 
tion  when  needed  (full-scale  engineering 
development  plan). 

Manufacturing  R^ulrements.  Spedfica- 
tion  of  the  materials,  manufacturing  fa¬ 
cilities,  tools,  and  skilled  personnel  needed 
to  manufacture  all  system  elements. 
Deployment  and  Opmitions  Analyses. 
Proposals  for  how  the  designed  system 
can  be  put  into  place  and  maintained  (in- 
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eluding  space  transportation  require* 
ments);  and  schedules  for  doing  so. 

•  Cost  Estimates.  Estimates  for  what  devel* 
opment,  procurement,  deployment,  and 
operation  of  the  proposed  system  design 
will  cost;  and  proposals  for  reducing  sys¬ 
tem  costs. 

This  chapter  will  focus  on  two  particular 
topics: 

1.  the  ways  in  which  system  architects  fr  r 
SDIO  have  related  strategic  goals  co 
BMD  system  performance  needs,  ar  J 

2.  the  ^neral  characteristics  of  the  sy  >tem 
architectures  studied  for  SDIO. 

The  concluding  sections  of  the  chapter  will 
identify  areas  of  analysis  within  thcae  topics 
wheie  important  work  remains  to  oe  done. 

It  would  be  highly  unrealistic  now  to  expect 
system  architecture  studies  to  he  deHnitive. 
Each  category  of  analysis  is  subject  to  con¬ 
siderable  uncertainty,  some  of  which  may 
never  be  resolved  by  analysis  and  limited  ex¬ 
perimentation.  The  architecture  analycis  will 
necessarily  be  tentative  and  iterative:  as  new 
information  and  ideas  emerge,  modifications 
will  be  Inevitable.  Moreover,  the  findings  from 
analys'ds  in  each  category  will  and  should  affect 
the  findings  in  other  categories.  For  example, 
meeting  a  particular  technology  requirement 
may  be  judged  possible,  but  too  expensive.  The 
system  architectxire  design  may  have  to  be 
modified  to  utilize  another  technology  to  carry 
out  the  s^e  function.  On  the  other  hand,  new 
technological  developments  may  make  it  cheaper 
to  carry  out  a  function  in  a  way  that  previous 
analyses  had  shown  to  be  too  costly.  For  that 
reason,  the  system  architects  attempt  to  de¬ 
sign  “evolutionary”  architectures  into  which 
advanced  technical  developments  could  be 
ph{  sed  as  they  became  available. 

Even  after  a  commitment  had  been  made  to 
develop  a  particular  technology  into  a  weapon 
system,  the  process  of  fuU-scale  engineering 
development  might  prove  more  difficult  than 
anticipated:  alternate  systems  might  have  to 
be  designed  and  developed.  Moreover,  while 
it  is  the  goal  of  the  architecture  analyses  to 


provide  options  for  meeting  a  range  of  poten¬ 
tial  changes  in  the  offensive  missUe  threat,  a 
fully  deployed  BMD  system  might  still  have 
Ut  be  modified  in  unanticipated  ways  if  the 
•^ioviets  were  to  deploy  unforeseen  counter¬ 
measures. 

Despite  the  necessarily  tentative  nature  of 
system  architecture  anidyses,  they  compel  a 
coherence  in  thinking  about  BMD  that  would 
otherwise  be  missing.  They  also  bring  into  the 
open  the  assumptions  implicit  in  the  argu¬ 
ments  for  and  against  deploying  BMD.  Be¬ 
cause  these  analysej  vrill  inevitably  include 
assumptions  and  projections  that  reasonable 
people  may  disagree  about,  it  is  inqxxtant  that 
th^  be  carried  out  competitiveiy,  by  more  than 
one  group  of  analysts.  Such  competition  will 
give  both  the  Administration  and  Congress  a 
basis  for  identifying  the  uncertainties,  vary¬ 
ing  assumptions,  and  alternative  projections 
of  the  future  that  will  underlie  decisions  a^ut 
BMD.  It  will  also  be  important,  when  these  anal¬ 
yses  are  offered  in  justification  of  major  deci¬ 
sions,  that  they  be  independently  evaluated. 

Recognizing  the  importance  of  system  ar¬ 
chitecture  studies,  SDIO  late  in  1984  awarded 
contracts  to  10  teams  of  military  systenut  iUial- 
ysis  contractors  to  provide  competing  analy¬ 
ses  at  a  price  of  $1  million  each.  On  the  basis 
of  that  competition,  five  teams  were  chosen 
for  SS-miUion,  “Phase  11”  architecture  studies, 
which  were  largely  completed  in  mid-1986.  In 
addition,  a  sixth  contractor  provided  SDIO 
^th  analytic  support  to  synthesize  the  find¬ 
ings  of  the  five  competitors  into  a  “reference 
architecture”  to  help  guide  SDI  research.  As 
of  this  writing,  the  five  Phase  II  teams  had 
been  awarded  additional  contracts  to  continue 
some  analytic  work  common  to  all  and  to  per¬ 
form  some  tasks  unique  to  each.  Their  reports 
were  due  at  the  end  of  January  1988.‘  It  had 


'  Three  othw  sets  of  ''architecture**  contracts  shouJd  also  be 
noted.  First,  through  the  Air  Force  Electronic  Systems  Divi* 
si  on,  contracts  were  awarded  to  three  firms  to  design  battle 
management  and  communications  systems  for  a  BMD  system 
with  land*  and  space*based  elements.  This  work  necessitated 
definitions  of  more  or  less  con^lete  BMD  system  architectures, 
thus  to  some  extent  paralleling  the  work  of  the  general  system 
architecture  contractors.  The  SDIO  has  subeequmtly  attem^^ 


51 


been  planned  that  the  five  would  be  narrowed 
to  two  competitors  in  a  final  phase,  but  that 
decision  was  postponed  through  1987.  Even* 
tually  a  single  contractor  team  will  be  chosen 
to  design  a  BMD  system  in  detail* 


to  better  coordinate  the  parallel  wtfk  of  the  battle  management 
systems  analyses  and  the  main  system  architecture  studies. 

Second,  the  Army  Strategic  Defense  Command  awarded  three 
other  contracts  for  study  of  the  battle  management  and  com* 
munications  systems  for  BMD  conqiosed  primarily  of  ground* 
based  components.  Third,  late  in  1986  SDIO  awarded  seven 
contracts  to  teams  composed  of  U.S.  and  European  firms  to 
begin  designs  of  system  architectures  for  European  theater  de* 
fense  against  intermediate-,  medium*,  and  8hort*range  ballistic 
missiles. 

*For  the  future,  SDIO  has  pit^>oeed  two  new  organizations 
for  carrying  out  mork  on  system  architectures.  One  organize* 
tion  would  be  an  **SDI  Institute,**  a  federally  (and,  specifically, 
SDIO)  funded  **think  tank'*  to  monitor  the  work  on  the  actual 
system  architecture  to  be  proposed  for  deployment  by  SDIO. 
ihe  Institute  would  be  independent  of  particular  defense  con* 
tractors,  thus  reducing  the  possibility  tnat  the  interest  of  cui> 
rent  defense  firms  in  selling  hardware  to  the  government  would 
play  a  role  in  architecture  designs. 

A  second  new  organization  is  to  be  a  **NatiGDal  Taet  Bed,*' 
which  would  be  a  network  of  computers,  communications  links, 
and  some  sensor  hardware  for  simulating  ballistic  missile 
defenses.  In  some  cases,  the  simulations  would  be  purely  con* 
oeptual,  creating  a  computer  **world*'  of  BMD  systems  and  offen* 
sive  systems,  and  testu'g  various  cssumpiions  about  each.  In 
other  cases,  this  imaginary  world  might,  with  simulated  incom* 
ing  and  outgoing  data,  test  computer  softwar.^actuaUy  intended 
fcH’  use  in  a  real  i^^'D  system.  In  yet  other  ca^,  actual  BMD 


This  report  will  offer  numerous  examples 
from  the  findings  of  the  system  architecture 
contractors  and  of  SDIO  adaptations  of  such 
findings.  With  a  few  exceptions,  we  will  not 
cite  specific  contractor  sources  for  those  ex¬ 
amples.  OTA  has  not  imdertaken  a  systematic 
analysis  and  comparison  of  all  the  dozens  of 
documents  that  emerged  from  the  several  con¬ 
tractor  studies.  Therefore,  a  few  selected  cita¬ 
tions  might  give  an  unfair  impression  of  the 
overall  j^ormance  of  any  given  contractor. 
Our  purpose  here  is  to  convey  an  understand¬ 
ing  of  the  sys:.)}m  architecture  analysis  proc¬ 
ess  and  to  report  some  of  the  resulr;s— not  to 
conduct  management  oversight  of  any  Depart- 
m«rt  of  Defense  (DoD)  contractor.  In  addition, 
the  system  architecture  work  is  continuing, 
and  constant  revision  of  previous  findings  is 
both  udcessary  and  desirable.  Thus  any  given 
conclusion  might  not  reflect  the  current  views 
of  the  particular  contractor. 


hardware  tests  iidght  be  cooducted,  with  data  ftxn  the  com¬ 
puters  being  fed  into  an  actual  test  seitsor  system  and  the  sen* 
sor  system  sending  procr  8«d  signals  back  into  tiie  computer 
simulation.  If  a  full-scale  F>MD  system  were  deployed,  the  Na¬ 
tional  Test  Bed  might  then  be  for  simulated  battle  exer- 
cbes  of  the  system. 


OVERVIEW  OF  SYSTEMS  ARCHITECTURE  ANALYfsES 


Initially,  each  of  the  system  architects  un¬ 
dertook  the  same  general  task  of  designing 
BMD  systems  whose  deployment  might  be¬ 
gin  in  the  mid-1990s  and  that  mi^t  evolve  into 
more  advanced  systems  after  the  ^ar  2000. 
Each  group  produced  designs  that  it  believed 
could,  when  nuiy  deployed,  provide  near¬ 
perfect  interception  of  Soviet  ballistic  missile 
reentry  vehicles  (RVs)  forecast  for  deployment 
in  the  tnid-1990s.*  Each  also  aigued,  however, 

*A  mid-1990s  threat  posed  against  a  BMD  system  that  could 
not.  be  fully  deployed  until  after  the  year  2000  is  unrealistic. 
Not  all  architects  used  the  same  threat  numbers  for  the  same 
time  frames.  The  architects  did.  however,  project  this  **base* 
line”  threat  into  larger  numbers  of  reentry  vehides  and  decoys 
for  later  years.  They  also  ran  ^excursions”  on  the  baseline  threat 
to  explore  the  impacts  of  la*  ger  and  smaller  threats  on  defense 
effectiveness.  The  excursions  into  larger  threats,  with  one  ex¬ 
ception,  do  not  generally  ippear  in  tt»e  summary  documents 
prixluced  by  the  contractors. 


that  lesser  percentages  of  intercf>ption  would 
achieve  desirable  military  goals  along  the  'ines 
described  in  chapter  2  of  this  report. 


Goal  Spedfleation 

As  part  of  their  analyses,  the  architects  used 
computerized  strategic  nuclear  exchange 
models  (see  next  section  on  this  topic)  to  simu¬ 
late  the  numerical  results  of  hypothetical  nu¬ 
clear  wars  between  the  United  States  and  the 
Soviet  Union.  These  simulations  assumed  vari¬ 
ous  leveb  of  defense  capability  on  the  two  sides 
(in  general  the  projected  offensive  capabilities 
for  the  mid-1990s  were  assumed  at  tMs  stage) 
for  the  purpose  of  showing  what  differences 
those  defenses  might  make. 


From  these  simulations,  the  analysts  drew 
conclusions  about  how  defenses  might  contri^  - 
ute  to  the  goals  of  security  and  strategic  sta* 
bility.  In  chapter  2,  we  described  the  kinds  of 
measures  usra  to  define  BMD  effectiveness. 
In  this  chapter  we  will  further  describe  some 
of  the  assumptions  thr',  went  into  and  conclu¬ 
sions  that  came  out  of  these  strategic  exchange 
simulations. 

Threat  DeHnitiun 

A  preliminary  step  to  running  the  strategic 
exchange  simulations  was  to  state  the  Soviet 
offensive  threat  that  BMD  systems  would  be 
designed  to  counter.  The  starting  point  was 
an  FDIO'Supplied  projection  of  the  offensive 
missile  forces  the  Soviets  might  have  in  the 
mid-1990s,  rrom  this  starting  point,  the  ar¬ 
chitects  made  varying  “excursions,"  positing 
possible  future  Soviet  missile  developments 
and  deployments.  In  addition,  they  hypothe¬ 
sized  various  types  and  numbers  of  anti-satel¬ 
lite  weapons  that  the  Soviets  might  conceiva¬ 
bly  deploy  to  attack  space-based  components 
of  BMD  systems. 

Sub&,^uently,  and  under  different  program 
managers,  SDIO  began  a  “Red  Team"  pro¬ 
gram  to  attempt  to  anticipate  possible  Soviet 
responseo  to  U.S.  BMD  deplo3maents.  A  ma¬ 
jor  project  of  this  program  has  been  to  bring 
together  groups  of  experts  to  attempt  to  de¬ 
sign  plausible  Soviet  countermeasures  to  the 
technologes  under  consideration  in  other  parts 
of  SDIO.  These  potential  countermeasures  are 
then  presented  to  SDIO  “Blue  Teams"  so  that 
they  can  adapt  their  technology  research  and 
system  designs  accordingly. 

In  mid-1987,  SDIO  presented  to  the  Defense 
Acquisition  Board  a  proposal  to  proceed  with 
“concept  demonstration  and  validation" 
(“Milestone  I")  for  the  first  phase  of  a  “Stra¬ 
tegic  Defense  System”  (BMD  system)  to  be 
deployed  in  the  mid-1990s.  This  presentation 
included  an  officially  approved  “threat" 
description  for  that  period. 

In  reviewing  DoD  proposals  for  any  BMD  sys¬ 
tem,  Congress  should  understand  whether  the 
officially  assumed  Soviet  threat  is  “responsive” 


— i.e.,  whether  it  reflects  plausible  countermeas¬ 
ures  that  the  Soviets  could  have  taken  by  the 
time  the  BMD  system  were  full  deployed. 

System  Requirements 

In  showing  what  numbers  of  nuclear  weap¬ 
ons  would  have  to  be  intercepted  to  provide 
various  levels  of  protection  for  different  t}q>es 
of  targets  (cf.  ch.  2).  the  strategic  exchange 
models  also  yielded  l^c  requirements  fen*  stra¬ 
tegic  defense  system  perfmmance.  Additional 
“end-to-end"  computer  simulations  helped  de¬ 
fine  requirements  for  interoepti<m  at  each  stage 
of  flight. 

(In  SDIO  presentations  accompanying  mid- 
1987  proposals  for  an  initial,  less  effective 
BMD  system,  this  process  was  reversed.  First, 
a  numl^r  of  warheads  to  intercept  was  estab¬ 
lished,  then  the  strategic  goals  ^at  might  be 
served  analyzed  afterward.) 

Systems  Designs 

The  system  architecture  contractors  de¬ 
signed  BMD  systems  intmided  to  intercept  a 
very  high  percentage  of  the  projected  missile 
thr^t.  llie  working  assumption  was  that  early 
stages  of  BMD  deployment  would  be  stepping 
stones  to  the  ultimate  goal  of  protecting  cit¬ 
ies  and  people  fiom  nuclear  ballmtic  missue  at¬ 
tack.  The  designs  were  not  optimized  to  less 
ambitious  goals.  For  example,  systems  that 
might  protect  hardened  missile  silos  but  could 
not  serve  as  elements  of  dty  defenses  were  not 
considered.  Systems  designed  from  the  outset 
to  preserve  nuclear  deterrence  might  well  look 
materially  different  fi'om  those  designed  to  re¬ 
place  it  altogether. 

Each  architect  was  asked  to  design: 

1.  a  system  that  was  both  space-based  and 
ground-based; 

2  one  that  was  primarily  ground-based;  and 

3.  one  that  was  intended  primarily  for  de¬ 
fense  of  U.S.  allies  again.st  intermediate 
and  shorter  range  ballistic  missiles. 

In  the  second  phase  of  system  architecture 
contracts,  analysts  placed  greatest  emphasis 
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on  the  first  type  of  systers.  somewhat  less  on 
the  second,  and  k<*st  on  the  third.  Each  archi¬ 
tect  considered  systems  that  might  be  deploy¬ 
able  in  the  mid-1990s,  but  each  aJ^  offered  con¬ 
cepts  for  more  advanced  systems  that  mi^t 
be  deployed  against  more  advanced  Soviet 
offensive  systems  out  to  the  year  2015  or  so. 
For  each  case,  analysts  identified  counter- 
countermeasures  intended  to  neutralize  Soviet 
attempts  to  penetrate  or  directly  attack  the 
BMD  system. 

llie  details  of  the  systems  designs  (for  ex¬ 
ample,  a  given  type  and  number  of  space-based 
rocket  interceptors)  were  built  into  simulation 
models  that  expanded  on  Uie  nudear  exchange 
models  described  above.  Ihese  "end-to-end" 
simulations  represented  the  details  of  inter¬ 
cepting  ballistic  missiles  throu£^out  all  phases 
of  flight,  fit>m  rocket  boost  to  warhead  reen¬ 
try.  &me  of  the  results  of  these  "end-to-end" 
simolations  are  discussed  below.  These  modds 
also  aided  "trade-off'  analyses  of  various  types 
of  BMD  system  components  arranged  in  vari¬ 
ous  configurations.  The  models  were  also  used 
to  evaluate  excursions  in  die  technological  re¬ 
quirements  forced  by  particular  t3q>es  of  So¬ 
viet  anti-BMD  countermeasures. 

Technological  Requirements 

The  architects  quantitatively  analyzed  the 
relative  costs  and  effectiveness  of  various  ap¬ 
proaches  to  each  defensive  task.  For  example, 
an  analysis  might  examine  trade-offs  between 
highly  capable  missUe-tracking  sensra-s  on  a 
few  high  altitude  satellites  and  less  capable 
sensors  on  many  more  low-altitude  satellites. 


Many  of  these  "trades"  are  discussed  in  sub¬ 
sequent  chapters  of  this  rep<Nrt. 

Operational  Requirements 

Because  system  designs  are  still  i»diminaiy, 
it  is  difficult  to  specify  their  exact  operational 
requirements.  Ilie  system  architects  did  at¬ 
tempt  to  estimate  the  continuing  space  trans¬ 
portation  and  maintenance  requirements  iar 
space-based  systems  over  their  lifetime  Other 
SDI  programs  are  conducting  research  (m  the 
logistics  of  maintaining  various  space-based 
ai^  ground-based  systems. 

Costs 

In  general,  system  architects  estimated 
costs  fmr  their  nearer-term,  "interim"  designs— 
those  not  including  directed-energy  weapmis 
for  boost-phase  mis^  interceptian.  Ihese  sys¬ 
tems  were  estimated  to  cost  on  the  order  of 
$200  billion,  depending  on  the  projected  need 
to  respond  to  various  t}q>es  of  Soviet  counter¬ 
measure.  Costs  of  complementary  air  defense 
systems  were  not  included.  It  should  be  rec¬ 
ognized  that,  given  the  conceptual  nature  of 
the  architectures,  accurate  cost-estimating  is 
virtually  impossible  at  this  stage.  It  does  ap¬ 
pear  that,  with  thousands  of  space  platforms 
envisi«^  considerable  changes  would  be 
neededin  the  way  such  equipment  is  now  de¬ 
signed  and  manufactured  if  space-based  BMD 
systems  were  ever  to  be  affordable.  In  addi¬ 
tion,  a  major  new  space  transportation  system 
would  have  to  be  designed,  devel(q>ed,  manu¬ 
factured,  and  deploy^. 


NUCIJEAR  FORCE  EXCHANGE  MODELS: 
DERIVING  REQUIREMENTS  FROM  GOALS 


The  SDI  system  architects— and  several 
other  groups  as  well— have  run  several  types 
of  strategic  nuclear  exchange  computer  simu¬ 
lations  to  try  tc  show  how  defenses  might  af¬ 
fect  the  U.S.-Soviet  nuclear  balance.  These 


simulation  models  assume  various  U.S.  and  So¬ 
viet  offensive  nuclear  force  levels,  beginning 
with  U.S.  Government  estimates  for  1996. 
Then  they  assume  various  strategic  targeting 
plans  on  the  two  sides  and  analyze  how  the 


attempted  execution  of  those  plans  might  be 
^ected  by  various  levels  of  defense  capabil¬ 
ity  on  the  two  sides. 

The  intermediate  measure  of  defense  effec¬ 
tiveness  is  usually  the  percentage  of  nuclear 
warheads  intercepted  or  its  complement,  the 
number  of  “leakers.”  The  models  translate  the 
numbers  of  leakers  in  varice  s  cases  into  num¬ 
bers  or  percentages  of  different  types  of  tar¬ 
gets  surviving  the  attack.  (For  examples  of 
such  target  types,  see  ch.  2,  box  2A.)  Each 
t)ri»  of  target,  in  turn,  is  given  a  different 
weight  based  on  judgments  about  how  U.S. 
and  Soviet  leaders  might  value  them.  Thus  the 
numbers  of  different  types  of  targets  surviv¬ 
ing  are  translated  into  “surviving  strategic 
v^ue.”*  The  percentage  of  surviving  strate¬ 
gic  value  on  the  two  sides  is  then  linked  with 
particular  strategic  goals.  (For  a  discussion  of 
goals  for  BMD  and  ways  of  measuring  BMD 
effectiveness,  see  ch.  2.)  In  some  cases,  “leak¬ 
age’  ’  rates  were  linked  (via  asset  survival  ex¬ 
pectations)  to  strategic  goals  to  show  what 
kind  of  BMD  sy  stem  performance  would  be 
needed  given  a  particular  assumed  level  of 
offensive  threat  (for  example,  see  table  3-1). 

Some  Condusiocs  Drawn  From 
Nuclear  Exchange  Models 

Strategic  Goals  and  Defense  Leakages 

The  system  architects’  strategic  nuclear  ex¬ 
change  simulations  provide  a  useful  basis  for 
studying  BMD  performance  goals.  However, 
because  each  architect  used  a  different  com¬ 
puter  model  and  different  assumptions  for  the 
sues  and  compositions  of  future  U.S.  and  ^ 
viet  offensive  nuclear  forces,  the  results  are 
difficult  to  compare. 

With  that  important  qualification,  here  are 
some  conclusions  drawn  fi-equently  (but  not 
universally)  by  the  different  system  architects. 
First,  for  a  mid-1990s  Soviet  strategic  nuclear 


‘In  these  models  the  Soviets  are  assumed  to  have  a  larger 
number  of  strategic  targets  than  the  United  States,  and  the 
Soviet  tarots  are  assumed  to  be  harder  to  destroy.  Part  of  the 
difference  is  due  to  the  existence  of  numerous  nuclear-haidened 
shelters  for  ^et  political  leaders;  see  Soviet  Military  Power. 
1987,  (Wash.”.gton.  D.C.:  Department  of  Defense)  p.  62. 


threat,  a  BMD  system  that  allowed  a  few  thou¬ 
sand  Soviet  RVs  to  penetrate  into  the  United 
States  might  complicate  Soviet  attack  plans, 
but  probably  would  not  stop  them  from  de¬ 
stroying  most  of  their  chosen  targets.* 

In  support  of  SDIO’s  mid-1987  proposal  for 
an  initial  BMD  system,  other  SDIO  contrac¬ 
tors  argued  that  a  strategy  of  “adaptive 
preferential  defense”  might  prevent  the 
Soviets  from  destroying  as  high  a  percentage 
of  certain  sets  of  targets  as  they  would  wish 
(as  estimated  by  U.S.  analysts). 

A  system  that  allowed  fewer  Soviet  RVs  to 
leak  through  would  begin  to  deny  the  Soviets 
certainty  of  destroying  many  of  the  militaiy 
targets  that  their  planners  might  have  desig¬ 
nated.  But  if  the  Soviets  chose  to  concentrate 
on  economic  targets  in  the  United  States,  they 
might  still  be  able  to  deny  the  United  States 
the  possibility  of  economic  recovery  from  the 
nuclear  war.  (Compare  this  finding  with  the 
second  set  of  projections  in  fable  3-1.) 

With  yet  lower  leakage,  the  Soviets  could 
still  infuct  immense  damage  on  the  Unit^ 
States.  Note,  for  example,  that  10  percent  of 
an  attack  with  10,000  nuclear  weapons  would 
still  result  in  1,000  nuclear  weapons  explod¬ 
ing  in  the  United  States.  But  since  the  Soviets 
could  not  be  sure  which  1,000  of  the  10,000 
launched  would  reach  which  targets,  confi¬ 
dence  in  achieving  precise  attack  goals  on  a 
given  set  of  targets  would  be  low. 

^alyses  also  seem  to  show  that  if  the 
United  States  had  a  relatively  highly  effective 
BMD  system  ajgainst  a  mid-1990s  Soviet  threat 
while  the  Soviets  had  no  BMD,  the  Soviets 
would  improve  their  relative  strategic  situa¬ 
tion  more  by  adding  defenses  to  limit  damage 
to  themselves  than  by  adding  offensive  weap¬ 
ons  in  hopes  of  increasing  the  damage  they 
could  inflict  on  the  United  States.*  In  attnmpt- 

•  The  exact  percentages  in  this  conclusion  and  the  others  be- 
low  were  apparently  classified  hy  the  system  ardiitecture  am- 
tractors  because  the  computer  simulations  from  which  they  were 
derived  include  classified  estimates  of  U.S.  and  Soviet  military 
capabilities. 

•  This  conclusion  assumes  that  the  addition  of  offenses  could 
not  improve  the  leakage  rate-the  same  percentage  of  every 
added  group  of  warheads  would  be  intercepted.  This  is  not  nec¬ 
essarily  a  valid  assumption:  much  wouIg  ’’epend  on  the  compo¬ 
sition  of  the  offensive  and  defensive  forces  on  the  two  bi&b. 


Table  3-1. —Two  Perepeetives  on  BMO  Efiectivenesa  and  Strategic  Ooaie 

Viet  warheads 

?king  through _ _ _ Expected  strrtegic  consequences  _ 

One  eysfem  ercft/fecf'e  Btr»t§gte  BxehMnoB  moofe/  end  conc/ue^e* 

Many  Increase  in  Soviet  attacK  planning  uncertainties.  They  are  forced  to  iaurtch  all  their  strategic  forces  at 

ionce  or  reduce  their  military  objectives.  A  strategic  exchange  would  result  In  nore  losses  to  Soviets 
than  to  the  Uniteo  States. 

The  Soviets  could  no  longer  reliably  achieve  the  military  goals  of  a  strategic  nuclear  attack  while 
maintaining  a  secure  reserve  of  missiles  for  later  attacks.  Preserves  full  range  of  U.S.  strategic  offen* 

Isivs  fo^’ce  retaliatory  flexible  response  options.  Each  new  Soviei  ballistic  missile  has  only  a  fractional 
chance  ot  being  useful. 

Survival  of  a  large  portion  of  the  population  and  industrial  base,  a  high  proportion  of  military  targets 
c  other  than  strategic  offensive  forces,  and  sufficient  strategic  offensive  forces  to  preserve  full  range  of 

f^ewer  ^  g  retaliatory  flexible  response  options.  If  Soviets  attack  only  other  military  targets  (not  strategic 

i  offensive  forces),  medium-high  survival  of  those  assets. 

Would  preserve  the  full  range  of  U.S.  ‘'flexible  response’*  options  In  war  with  the  Soviets  even  If 
Soviets  devoted  entire  attack  to  U.S.  strategic  offensive  forces  (presumably  only  If  Soviets  do  not  have 
I  comparable  BMO  capability— OTA). 

1  Assured  survival  of  the  Nation  as  a  whole:  3  to  5%  U.S.  casualties  In  population  attack. 

Extremely  few  Assured  survival:  Soviet  ability  to  put  U.S.  population  at  risk  Is  oegligibia;  the  United  States  needs  no 

strategic  nuclear  retaliatory  capability. 

Assumptions:  •  Mid-1990s  projections  of  Soviet  and  U.S.  strategic  forces. 

•  Effectiveness  of  Soviet  BMD  not  specified. 

•  Status  of  air  defenses  not  specified. 


Alternate  analysis:  As  U.S.  strategic  defenses  Improved,  an  option  tor  the  Soviets  would  be  to  change  their  offensive  target 
priorities  to  maintain  a  deterrent  "assured  destruction'  capability.  Instead  of  concentrating  their  forces  on  hardened  missile 
silos,  for  example,  they  might  concentrate  them  on  key  military  industries  or  other  economic  targets;  they  might  even  focus 
on  cities  per  se.  Various  non-SDIO  analysts  have  previously  calculated  potential  consequences  of  such  nuclear  attacks,  as 

indicated  below. _ _ _ _ _ _ 

B,  It  th0  $o¥ht$  ntargBiBd  to  mBintBln  BBSurpd  dBBtmcflon  _ 

lOV.  The  Soviets  attack  Industries  in  the  71  largest  U.S.  urban  areas:  the  equivalent  of  500  1-megaton  and 

200  to  300  100-klioton  weapons  get  through.  Of  the  U.S.  population,  35  to  45  percent  Is  killed  or  In¬ 
jured;  60  to  65Vq  of  U.S.  Industry  Is  destroyed.^ 

3Vt  The  Soviets  attack  Industries  In  the  71  largest  U.S.  urban  areas;  the  equivalent  of  100  1-megaion  and 

200  to  300  100-kiloton  weapons  get  through.  From  prompt  blast  and  radiation  effects,  20  to  30Vi  of 
U.S.  population  Is  kilted  or  injured;  25  to  35%  of  U.S.  industry  Is  destroyed.^ 

1  to  2%  Case  1:  The  Soviets  attack  77  U.S,  oil  refineries:  the  equivalent  of  80  1-megaton  weapons  get  through. 

From  prompt  blast  and  radiation  effects,  5  million  Americans  die.  The  U.S.  economy  Is 
crippl^.^ 

Case  2:  The  Soviets  attack  100  key  military-industrial  targets  with  the  equivalent  of  100  1-megaton 
weapons.  Three  rtiiliion  die  of  blast  and  radiation  effects,  another  8  million  from  fires;  dead 
and  injured  total  10  to  16  million.* 

Case  3:  The  Soviets  attack  100  U.S.  city  centers  with  the  equivalent  of  100  1-megaton  weapons.  Four¬ 
teen  million  die  from  blast  and  radiation  effects  alone,  a  total  of  42  million  die  from  blast,  radi¬ 
ation,  and  fires;  total  dead  and  injured  are  32  to  51  million.' 

Assumptions:  •  Total  Soviet  strategic  attack  of  10,000  weaoons. 

_  •  Air  defenses  equally  effective  as  BMD. _ _ _ _ 

*Ad«ot»d  from  Martin  Mtrittta  A«rcsp«ct  valytM.  P«fc»nt»o««  of  wMponi  tMklng  and  turvMno  for  soeurlty  clMtlficttfon  roMons. 

U.S.  CongroBt.  Economic  snti  Soc/s/  CooBoguonc^  of  NuciBsr  AttockM  on  tho  Uniiod  SfJfOi,  A  Study  Piopifod  for  tfw  Wnt  »*^Ct*on. 

Publtthod  by  tht  Commltto#  on  Bonking,  Housing,  and  Urban  Affaira,  U  S.  Sonata  (Wsbf'itigton,  O.C.;  U.S.  Govarrimant  Printing  Offica,  1979).  PP<  A*14. 

SpilJn  U  S  Congress.  Office  of  Technology  Assessment .  The  Effects  of  Nuc/esr  War  (Washington.  D  C.:  U.S.Govamment  Printing  Office.  May.  19m  pp.  W-75.  Caicula- 
tions  on  casualties  were  performed  for  OTA  oy  the  the  U  S  Defense  Civil  Defense  Preperedness  Agency.  About  125  500-klloton  weapons  would  have  the  same  blast 
effects  es  80  1-megston  weapons,  but  the  pattern  of  distribution  of  blast  might  In  fact  do  mors  damage  m  tt 

•william  Dauoherty  at  al ,  “The  Consequences  of  'Umlted'  Nuclaar  Attacks  on  the  United  States,"  fntomsttonal  StKurfty,  spring  1988  fvol.  10.  No.  4),  p.  S.  Findings 
frOTad  on  the  authors'  computer  simulations.  About  180  SOOkltoton  weapons  have  about  the  tame  hlaat  tflecla  as  100  1-megaton  weapons. 
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ing  to  assess  the  effect  on  deterrence  of  vari¬ 
ous  levels  of  defense,  the  strategic  analysts 
compared  the  amount  of  damage  the  Soviets 
might  suffer  (m  a  weighted  percentage  of  given 
t}rpes  of  targets)  with  the  amount  the  United 
States  might  suffer.  Differences  in  surviving 
(value-weighted)  percentages  of  military  tar¬ 
gets  were  assum^  to  confer  strategic  advan¬ 
tages  or  disadvantages  that  would  affect  So¬ 
viet  decisions  about  how  to  respond  to  U.S. 
weapon  deployments,  whether  to  go  to  war, 
or  whether  to  escalate  a  conflict  to  nuclear  ex¬ 
change. 

Even  very  low  leakage  of  the  BMD  system 
(and  assuming  comparable  leah3ge  of  air- 
breathing  nuclear  weapon  delivery  vehicles) 
could  still  kill  several  million  Americans,  if  that 
were  the  Soviet  obj  wtive.  (Note  that  the  alter¬ 
native  projections  in  table  3-1  suggest  higher 
possible  casualties.)  This  level  of  protection 
(given  the  mid-1990s  projected  nuclear  threat) 
might  assure  surviv^  of  the  United  States  as 
a  functioning  nation,  but  would  not  assure  sur¬ 
vival  of  the  whole  peculation.  Most  of  the  sys¬ 
tem  architects  api^ared  to  believe  that  in  the 
long  run  they  could  design  systems  capable 
of  keeping  out  a  very  high  percentage  of  S^ 
viet  ballistic  missile  RVs  (assuming  the  mid- 
1990s  projected  threat);  none  appeared  to  be¬ 
lieve  that  leakage  levels  compatible  with  “as¬ 
sured  survival”  of  the  U.S.  population  would 
be  possible  without  negotiated  limitations  of 
Soviet  offensive  nuclear  forces. 

U.S.-Sovi*t  Asjmunetries 

With  varying  degrees  of  clarity,  the  system 
architects’  use  of  nuclear  exchange  models 
brought  out  the  current — and  likely  future — 
asymmetries  between  U.S.  and  Soviet  offen¬ 
sive  nuclear  forces.  The  Soviet  Union  has  more 
ballistic  missile  RVs  than  the  United  States. 
More  of  the  Soviet  RVs  are  based  on  land  than 
on  submarines,  while  the  reverse  is  true  of  the 
U.S.  RVs.  The  United  States  has  more  strate¬ 
gic  nuclear  bombers  and  air-  and  sea-launched 
cruise  missiles  than  the  Soviet  Union,  while 
the  Soviet  Union  has  a  more  extensive  air  de¬ 
fense  system  than  the  United  States. 


If  the  Soviet  Union  had  ballistic  missUe 
defenses  comparable  to  those  of  the  United 
States,  the  net  effect  of  trying  to  defend  our 
land-based  missiles  against  a  Soviet  strike 
would  be  to  reduce  the  U.S.  ability  to  carry 
out  plaimed  retaliatory  missions.  Here  is  why. 
If  defended,  a  sizable  number  of  U.S.  land- 
based  missiles  that  might  otherwise  have  been 
destroyed  on  the  ground  might  survive  a  So¬ 
viet  offensive  strike.  On  the  other  hand,  they 
would  then  have  to  survive  defensive  attacks 
as  they  attempted  to  caiT>'  out  their  retalia¬ 
tory  missions  against  Soviet  territoiy.  In  addi¬ 
tion,  the  U.S.  submarine-launched  missiles 
(SLBMs),  which  would  not  benefit  firom  the  de¬ 
fense  of  land-based  missiles,  would  also  have 
to  face  Soviet  defenses.  Furthermore,  if  the  in¬ 
tercepted  SLBMs  were  aimed  in  part  at  So¬ 
viet  air  d^onse  assets,  such  as  radar  sites,  the 
ability  of  U.S.  bombers  and  cruise  missUes  to 
carry  out  their  missions  might  also  be  im¬ 
paired. 

Besides  the  asymmetries  in  weapons,  there 
are  asymmetries  in  targets  on  the  two  sides. 
The  Soviet  Uuion,  for  example,  reportedly  heis 
more  thm  1,500  hardened  bomb  shelters  for 
its  political  leadership.  The  Soviets  also  are 
said  to  spend  copious  sums  on  other  types  of 
dvil  defense.  The  combination  of  passive  de¬ 
fense  measures  and  BMD  might  do  more  to 
protect  valued  Soviet  targets  than  BMD  alone 
would  to  protect  valued  U.S.  targets. 

Given  the  asymmetries  in  U.S.  and  Soviet 
weapons  and  defenses,  then,  the  net  effect  of 
mutual  dq)loyments  of  comparable  levels  of 
defense  could  be  to  weaken,  not  strengthen 
deterrence — if  deterrence  were  still  measured 
primarily  by  the  penalty  that  we  could  impose 
on  Soviet  aggression  through  nuclear  retalia¬ 
tion.  (If  deterrence  were  measured  by  denial 
to  the  Soviets  of  some  attack  goals  other  than 
reducing  damage  to  the  Soviet  Union,  then  de¬ 
terrence  might  be  strengthened.) 

The  United  States  might  compensate  for 
U.S.-Soviet  asymmetries  in  three  ways: 

1.  The  United  States  could  attempt  to  build 
and  maintain  BMD  that  was  notably  su- 
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perior  to  that  of  the  Soviet  Union  so  that 
a  greater  proportion  of  the  smaller  U.S. 
ballistic  missile  force  could  be  expected 
to  reach  its  targets.  This  was  the  recom¬ 
mendation  of  at  least  one  of  the  SDI  sys¬ 
tem  architects,  who  argued  that  until  very 
high  defense  effectiveness  levels  had  been 
reached,  equal  defensive  capabilities  on 
the  two  sides  might  confer  an  exploitable 
strategic  advantage  on  the  Soviet  Union 
(SDIO  officials  disagree  with  this 
assessment). 

2.  The  United  States  could  attempt  to  main- 
t£un  and  improve  the  ability  of  its  air- 
breathing  weapons  (bombers  and  cruise 
missiles)  to  penetrate  Soviet  air  defenses 
so  that  the  loss  in  effectiveness  of  our  bal¬ 
listic  missiles  was  offset  by  the  other 
means  of  nuclear  delivery.  This  course  was 
assumed  in  the  calculations  of  a  second 
system  architect. 

3.  If  U.S.  strategic  defenses  against  all t3n;>es 
of  nuclear  threat  (air-breathing  as  well  as 
ballistic  missile)  could  be  made  extremelv 
effective,  we  might  not  care  about  imbal¬ 
ances  in  punitive  abilities  on  the  two  sides; 
the  Soviets  would  have  little  or  nothing 
to  gain  by  threatening  nuclear  attack. 
Then,  even  a  minimally  destructive  retal¬ 
iatory  ability  on  the  U.S.  side  shoiild  fully 
deter  the  Soviets  from  even  contemplat¬ 
ing  attack.  This  was  the  ultimate  goal  hy¬ 
pothesized  by  all  the  system  architects. 
(It  should  be  noted  that  most,  though  not 
all,  analysts  believe  that  this  kind  of  de¬ 
terrence  now  exists.  If  so,  BMD  would  not 
significantly  reduce  the  risk  of  nuclear 
war.^) 

However,  some  would  argue  that  future  So- 
\'iet  “counterforce"  capabilities,  plus  Soviet 
dvil  defense  and  perhaps  active  (BMD  and  air 
defense),  could  reduce  prospective  Soviet  dam¬ 
age  to  levels  acceptable  to  them.  A  U.S.  BMD 
system,  it  is  argued,  would  either  maintain  the 

’That  is.  fc’VBn  the  threat  of  retaliatory  punishment  it  would 
be  highly  irrational  for  the  Soviets  to  start  a  nuclear  war.  In 
this  view,  whatever  calculations  the  Soviets  may  make  about 
the  "military  effectiveness'  of  their  ballistic  missiles,  the  price 
(in  damage  to  the  Soviet  Union)  would  be  tco  high  to  justify 
a  nuclear  attack. 


survivability  of  the  U.S.  deterrent,  or  equal¬ 
ize  the  prospective  damage  on  the  two  sides, 
or  both. 

In  sum,  the  force  exchange  models  employed 
by  some  of  the  SDI  system  architects  seem  to 
show  that  BMD  performance  levels  must  be  high 
to  substantially  alter  the  current  U.S.-Soviet 
strategic  nuclear  relationship; 

•  Someincrementsof  uncertainty  could  be  im¬ 
posed  on  Soviet  planners  by  defenses  able 
to  intercept  about  half  the  Soviet  missile 
force.  If  an  “adaptive  preferential  defense” 
strategy  could  be  executed,  significant  frac¬ 
tions  of  some  sets  of  “point”  targets  might 
be  protected. 

•  The  ability  to  intercept  a  high  percentage 
of  all  Soviet  strategic  nuclear  weapons  in¬ 
cluding  airlHeathing  ones  (assuming  threats 
projected  for  the  mid-1990s)  might  actually 
deny  the  Soviets  the  abOity  to  destroy  many 
military  targets. 

•  However,  at  such  levels  of  defensive  capa¬ 
bility,  beiause  of  asjnnmetries  in  U.S.  and 
Soviet  strategic  postures,  U.S.  missile  and 
air  defenses  might  have  to  perform  conspic¬ 
uously  better  than  Soviet  defenses  to  pre¬ 
vent  the  Soviets  from  holding  an  apparent 
strategic  advantage.* 

•  The  design  of  a  system  that  could,  in  the 
long  term,  protect  U.S.  cities  from  poten¬ 
tial  nuclear  destruction  seems  infeasible 
without  sizable,  presumably  negotiated,  re¬ 
ductions  in  Soviet  offensive  forces. 

At  the  conclusion  of  this  cl  apter,  we  return 
to  the  subject  of  nuclear  force  exchange  modeb 
to  indicate  the  scope  of  future  work  OTA  be¬ 
lieves  should  be  carried  out  if  a  decision  on 
BMD  development  and  deployment  is  to  be 
considered  fully  informed. 


"However,  if  the  United  States  maintained  a  substantial 
bomber-cruise  miosOe  threat,  if  Sovir  i  air  defenses  were  ineffec¬ 
tive,  and  if  the  Soviets  did  not  pose  'i  substantiai  bombercniise 
missile  threat  to  the  United  States,  such  a  Soviet  advantage 
might  be  avoided. 
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Limitations  of  Nuclear  Force 
Exchange  Models 

Although  force  exchange  analysis  is  impor¬ 
tant,  applying  the  results  of  the  analyses  re¬ 
quires  extreme  caution.  The  greatest  danger 
lies  in  accepting  the  numbers  generated  by  the 
computer  as  representing  reality:  they  do  not. 
The  verisimilitude  of  a  computer  simulation 
can  only  be  checked  by  comparisons  with  meas¬ 
ured  results  in  the  real  world  that  the  model 
is  trying  to  simulate.  There  has  never  been— 
and  we  all  hope  there  will  never  be— a  real  nu¬ 
clear  war  to  calibrate  the  correctness  of  nuclear 
force  exchange  models. 

Instead,  such  models  combine  what  is  known 
or  estimated  about  the  characteristics  of  weap¬ 
ons  and  potential  targets  on  each  side  with  a 
myriad  of  personal,  even  if  carefully  consid¬ 
ered,  judgments  about  how  nuclear  attacks 
would  take  place  and  what  the  immediate  phys¬ 
ical  results  might  be.  If  national  leaders  are 
to  make  wise  use  of  the  outcomes  of  such  ana¬ 
lytic  models,  they  need  to  judge  whether  they 
agree  with  the  assumptions  that  go  into  the 
models  (see  table  3  2). 

Aside  from  the  many  subjective  judgments 
that  must  go  i  ito  force  exchange  models,  there 
are  other  aspects  of  the  real  world  that  cannot 
be  included  in  a  quantitative  computer  simu¬ 
lation.  The  models  generally  include  estimates 
of  prompt  casualties  from  nuclear  attacks,  but 
they  do  not  even  attempt  to  account  for  the 
longer  term  medical,  social,  political,  and  eco- 


Table  3-2.— Judgmental  Aeeumptlons  in  Nuclear  Force 
Exchange  Models 


•  Soviet  valuation  of  Soviet  targets 

•  Estimation  of  U.S.  targets  selected  by  Soviet  planners 

•  Priorities  Soviets  would  attach  to  dest, eying  particular 
targets 

•  Soviet  estimates  of  the  reliabilities  and  capsbilltiss  of  their 
weapons 

•  Soviet  estimates  of  the  reliabilities  and  capabilities  of  U.S. 
weapons 

•  U.S.  estimates  of  the  reliabilities  and  capabilities  of  U.S. 
weapons 

•  U.S.  estimates  of  the  resistance  or  vulnerability  to  nuclear 
attack  of  various  Soviet  targets 

•  Estimates  of  casualties  on  both  sides  from  nuclear  attacks 


nomic  consequences  of  nuclear  war.  Computer 
simulations  also  abstract  strategic  calculations 
out  of  political  context.  We  can  only  guess, 
with  varying  degrees  of  informed  judgment, 
under  what  circumstances  the  Soviets  would 
contemplate  starting  or  risking  nuclear  war. 
We  do  not  know  how  leaders  on  either  side 
would  actually  behave  in  a  real  nuclear  crisis. 
We  do  not  know,  in  particular,  how  and  to  what 
degree  their  decisions  would  be  affected  by  mil¬ 
itary  planners'  strategic  exchange  calculations. 

In  sum,  nuclear  force  exchange  models  can 
serve  as  a  useful  tool  for  thinking  about  the 
goals  we  might  use  BMD  to  pursue.  But  they 
caimot  demonstrate  as  scientific  fact  that 
those  goals  will  be  accomplished,  nor  can  they 
offer  certainty  that  the  effects  of  d^Ioying 
BMD  would  fulfill  predictions. 


SOURCE:  OHtc«  of  Tochno'  >oy  Attottmont.  1B68. 


SYSTEM  DESIGNS  AND  END  TO-END  MODELS 


Force  exchange  models  such  as  those  de¬ 
scribed  above  can  help  analysts  estimate  how 
many  nuclear  weapons  a  BMD  system  must 
intercept  to  achieve  various  levels  of  protec¬ 
tion.  In  this  way,  decisionmakers  can  set  the 
overall  requirements  for  BMD  performance. 
Much  more  detailed  analysis  is  neraed  to  evalu¬ 
ate  systems  designed  to  meet  those  re¬ 
quirements. 


This  kind  of  analysis  begins,  as  do  force  ex¬ 
change  analyses,  with  projections  of  the  So¬ 
viet  missile  threat  during  the  period  for  which 
one  expects  to  have  BMD  deployed.  In  this 
case,  however,  analysts  must  consider  more 
than  the  destructive  capabilities  of  the  offen¬ 
sive  missile  threat.  Analysts  must  also  esti¬ 
mate  the  precise  technical  performance  of  the 
missiles,  ^e  numb^s  of  ea^  type,  and  the  tac- 
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tical  plans  under  which  the  Soviets  might 
launch  them.  In  addition,  the  analysis  has  to 
include  possible  changes  in  Soviet  offensive 
forces*  in  response  to  U.S.  BMD  deployments. 
Among  the  techniques  used  for  this  kind  of 
analysis  are  “end-to-end”  computer  simula¬ 
tions,  which  model  both  the  offensive  attack 
and  the  roles  of  each  type  of  BMD  component, 
from  the  sensor  that  fost  detects  an  enemy 
missile  launch  to  the  last  layer  of  interceptors 
engaging  reentry  vehicles  as  they  approach 
their  targets. 

As  table  3-3  indicates,  an  ICBM  flight  in¬ 
cludes  four  broad  phases:  the  boost,  post-boost, 
mid-course,  and  reentry  or  terminal.  System 
architects  for  SDI  have  proposed  ways  of  at¬ 
tacking  ballistic  missiles  in  aU  phases. 

Space*  and  Ground-Based  Architectures 

Suggested  components  and  functions  of  a 
multi-pluise  BMD  system  are  outlined  in  ta¬ 
bles  3-4  and  3-5.  (Chs.  4  and  5  examine  the  tech¬ 
nology  for  many  of  these  components  in  con¬ 
siderable  detail.)  The  SDI  system  architects 
subdivided  the  primarily  space-based  architec¬ 
tures  into  nearer-  and  farther-term  BMD  sys- 


*lncludiiig  offensive  countermeasures  such  as  decoys  and  de¬ 
fense  suppression  measures  such  as  anti-satellite  weapons. 


terns,  with  the  nearer-term  systems  envisaged 
as  evolving  into  the  farther-term  systems  as 
the  So\iet  missile  threat  grows  and  as  more 
advanced  BMD  technologies  become  available. 
Except  for  the  projected  timing,  the  architec¬ 
ture  in  table  3-4  reflects  SDIO’s  proposal  in 
mid-1987  for  a  first-phase  “Strategic  Defense 
System.”  The  design  would  also  be  intended 
to  lay  the  basis  for  expansion  into  phase  two 
and  tb.C3  systems. 

The  architectures  in  table  3-5  draw  on  infor¬ 
mation  provided  by  SDIO,  but  do  not  consti¬ 
tute  their— or  anyone  else’s— specific  proposal 
for  what  the  United  States  should  plan  to  de¬ 
ploy.  Instead,  the  examples  provide  a  frame¬ 
work  for  analyzing  how  the  parts  of  a  future 
BMD  system  would  have  to  fit  together  to  try 
to  me ' the  requirements  set  for  it.  The  tables 
do  include  the  leading  candidates  for  sensors, 
discrimination,  and  weapons  described  by  the 
system  architects.  The  projected  dates  in  the 
tables  rcdlect  OTA  rather  than  SDIO  estimates 
for  the  earliest  plausible  periods  over  which 
each  phase  might  be  deployed  if  it  were  proven 
feasible. 

The  SDI  system  architects  subjected  their 
various  BMD  constructs  to  detail^  computer 
simulations.  (These  are  called  “end-to-end” 
simulations  because  they  attempt  to  model 


Table  3-3.— Phases  of  BallisUc  Missile  Trajectory 


Phase 

Duration 

Description 

Boost . 

Powered  flight  of  the  rocket  boosters  lifting  the  missile 
payload  into  a  ballistic  trajectory 

Post-boost . 

minutes^ 

Most  ICBMs  now  have  a  *' post-boost  vehicle'*  (PBV),  an 
upper  guided  stage  that  ejects  multiple.  Independently 
targetable  reentry  vehicles  (MIRVs)  Into  routes  to  their 
targets,  if  these  RVs  are  to  be  accompanied  by  decoys  to 
deceive  BMD  systems,  the  PBV  will  dispense  them  as 
well. 

Mid-course . 

SLBMs) 

RVs  and  decoys  continue  along  a  ballistic  trajectory,  several 
hundred  to  1,(XX)  kilometers  up  in  space,  toward  their 
targets. 

Reentry . 

RVs  and  decoys  reenter  the  Earth's  atmosphere:  lighter 
decoys  first  slow  down  in  the  upper  atmosphere,  then 
bum  up  because  of  friction  with  the  air;  RVs  protected 
from  burning  up  In  friction  with  the  air  by  means  of  an 
ablative  coating;  at  a  preset  altitude,  their  nuclear 
warheads  explode. 

•now  in  th*  hurmr«d«  of  Mconoft.  in  tho  futurt  boot!  ttmot  m«y  bo  grootly  roducod. 

^Pott-boott  dioporo^  timot  moy  oloo  bo  thortoood.  though  pofhopo  with  ponoitiot  in  poylood.  numbort  of  mkKouroo  docoyo,  ond  occurocy. 


SOURCE:  Offico  of  Tochnotogy  Aooosomont,  1S68. 
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Table  SDIO’a  Phase  One  S{^see•  and  Ground-Based  BMO  Arehiteeltre 


Component 

Number 

Description 

"unction 

Firsf  pS)ss0  (approximsfwiy  199S'2000): 

Battle  Management  Variable 

Computers 

May  be  carried  on  sensor 
platforms,  weapon  platforms, 
or  separate  platforms;  ground- 
based  units  may  be  mobile 

Coordinate  track  data;  control 
defense  assets;  select 
strategy;  select  targets; 
command  firing  of  weapons 

Boost  Phase 

Surveillance  and 
Tracking  Satellite 

Several  at  high  altitude 

Infrared  sensors 

Detect  ballistic  or  ASAT  missile 
launches  by  observing  hot 
rocket  plumes;  pass 
information  to  tracking 
satellites 

Space-based  Interceptor 
Carrier  Satellite 

100s  at  several  100s  of 
Km  altitude*; 

Each  would  carry  about  10  small 
chemical  rockets  or  *‘SBIs”; 
might  carry  *>ensors  for 
tracking  post-bcost  vehicles 

On  command,  launch  rockets  at 
anti-satellite  weapons 
tattacking  BMD  system), 
boosters,  possibly  PBVs. 

Probe 

or 

Space  Surveillance  and 
Tracking  System 

or 

Space-based  Interceptor 
Carrier  Satellites 

10s 

Ground-launched  rocket-borne 
infrared  sensors 

Acquire  RV  tracks,  pass  on  to 
ERIS  Interceptors 

10s 

Satellite-borne  infrared  sensors 

100s 

Satellite-borne  Infrared  sensors 

Exo-atmospheric 
Interceptors  (ERIS) 

1000s  on  ground-based 
rockets 

Rocket  booster,  hlt-to-kill 
warhead  with  infrared  seeker 

Cued  by  satellite-borne  or 
rocket-boHie  infrared  sensors, 
home  in  on  and  collide  with 
RVs  in  late  mid-course 

SOURCE  OffiCB  ol  Tfc'chnotogy  Assessment.  19B8. 

BMD  performance  from  booster  launch  to 
nal  RV  interception.)  Such  simulations  help 
show  the  interdependence  of  the  system  com¬ 
ponents  and  the  requirements  posed  for  the 
technologies  that  go  into  them.  These  analy¬ 
ses  show  that,  at  least  in  the  long  tun,  inter¬ 
cepting  a  substantial  portion  of  the  missiles 
in  the  boost  phase  and  early  post-boost  phase 
would  be  essential  to  a  highly  effective  BMD 
system.  This  conclusion  follows  from  the  fact 
that  1,000  to  2,000  boosters  could  dispense 
hundreds  of  thousands  of  decoys  that  would 
greatly  stress  mid-course  interception.'* 

The  system  architects  noted  that  this  boost- 
phase  interception  task  would  eventually  (bar¬ 
ring  sizable  offensive  arms  limitations)  have 
to  be  accomplished  by  means  of  directed-ener- 


**SDIO  officials  point  out  that  an  arms  control  agroement  re- 
ducing  offensive  forces  would  make  the  defensive  job  easier  and 
cheaper.  On  the  other  hand,  the  Soviets  may  not  be  persuaded 
to  enter  into  such  an  agreement  unless  they  can  be  shown  that 
potential  defensive  options  would  make  offensive  countenneas- 
ures  on  theii  part  futile. 


^  weapons,  rather  than  by  the  space  based 
interceptors  (SBIs)  envisaged  for  the  first 
stage  of  BMD  deployments.  The  speed-of-light 
velocity  of  directed  energy  would  be  needed 
because  the  development  of  faster-burning 
rocket  boosters  and  faster-dispensing  post¬ 
boost  vehicles  (PBVs)  would  eventuaSy  per¬ 
mit  Soviet  missiles  to  finish  their  boost  phases 
before  the  space-beised  interceptors  (SBis) 
could  reach  them. 

The  SDIO  contends,  however,  that  intercep¬ 
tion  of  PBVs  may  suffice  to  meet  SDI  goals. 
Although  a  fast-bum  booster  would  bum  out 
inside  the  atmosphere,  the  PBV  must  dear  the 
atmosphere  to  dispense  light-weight  decoys. 
It  then  would  be  vulnerable  to  SBis.  If  SBI 
interception  of  PBVs  were  adequate,  directed- 
enerra^  weapons  mi^t  not  be  necessary.  If  suc- 
cess^y  developed,  though,  they  might  prove 
more  cost-effective. 

The  int^lay  of  offensive  and  defensive  tech¬ 
nologies  is  discussed  in  more  detail  in  ch^>- 
ters  6, 10,  and  11  of  this  report. 
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Tabt«  3-5.— OTA’S  Projections  of  Evolution  of  Ground-  end  Spsce-Bssed  BMD  Architecture 


Component _ Number _ Description _ 

Second  phese  (Mpproxhnsfty  2000-2010}  rep^ece  /trsf-phese  componenfe  end  edd: 
Airborne  Optical  10s  In  flight  Infrared  sensors 

System  fAOS) 


Ground-based  Radars 


10s  on  mobile  platfonns  X-band  imaging  radar 


High  Endo-atmospheric  lOOOs 
interceptors 


Rocket  with  infrared  seeker,  non¬ 
nuclear  warhead 


Space  Surveillance  and  50-100  at  few  lOOOs  of 
Tracking  Satellite  km. 

(SSTS) 


High-resolution  sensors;  laser 
range-finder  and/or  Imaging 
radar  for  finer  tracking  of 
objects; 


Space-based  interceptor 
Carrier 


Space-based  Neutral 
^article  Beam  (NPB) 


Detector  Satellites 


1000s  at  1003  of  km 
altitudes 


10s  to  100s  at  altitude 
similar  to  SSTS 


lOOs  around  oarticle 
beam  altitudes 


May  carry  battle  management 
computers 

Each  carries  about  10  srrtall 
chemical  rockets  or  ”KKVt**; 
at  low  altitude;  lighter  and 
faster  than  In  phase  one 

Atomic  particle  accelerator 
(perturber  component  of 
Interactive  discrimination; 
additional  sensor  satellites 
may  be  needed) 

Sensors  to  measure  neutrons  or 
gamma  rays  from  objects 
bombarded  by  NPB; 
transmitters  send  data  to 
SSTS  and/or  battle 
management  computers 


Third  phase  f’approx/mafe/y  200$-211$},  rep/ace  second  phase  eomponenfs  and  add: 


Ground-based  Lasers,  10s  of  ground-based 


Space-based  Mirrors 


lasers;  10s  of  relay 
mirrors;  10s  to  100s 
of  bai-  '  minors 


SOURCE;  OTiic*  of  Tochootogy  Atfttmont,  IMS. 


Several  laser  beams  from  each 
of  several  ground  sites  bounce 
off  relay  mirrors  at  high 
altitude,  directed  *o  ts’^gets  by 
battle  mi.rors  at  lower 
altitudes 


Function 


Track  RVs  and  decoys,  pass 
Information  to  ground  battle 
management  computers  for 
launch  of  ground-based 
Interceptors 

Cued  by  ACS,  track  RVs  as  they 
enter  atmosphere;  discriminate 
from  decoys,  pass  information 
to  ground  battle  managers 

Collide  with  RVs  inside 
atmosphere,  but  before  RV 
nuclear  detonation  could 
cause  ground  damage 

Track  launched  boosters,  post¬ 
boost  vehicles,  and  ground  or 
apace-launched  ASATs; 

Track  RVs  and  decoys, 
discriminate  RVs  from  decoys; 

Command  firing  of  weapons 

On  command,  launch  rockets  at 
anti-satellite  weapons 
(attacking  BMD  system), 
boosters,  PBVs,  arKl  RVs 

Fire  hydrogen  atoms  at  RVs  and 
decoys  to  stimulate  emission 
of  neutrons  or  gamma  rays  as 
discriminator 

Measure  neutrons  or  gamma 
rays  emitted  from  RVs:  heavier 
ot^ecta  emit  measurable 
neutrons  or  gamma  rays, 
permitting  discrimination  from 
decoys 

Attack  boosters  and  PBVs 


Battle  Management  Architecture 

Specifying  Battle  Management  Architecture 

Any  BMD  system  architecture  will  contain 
a  kind  of  sub-architecture,  the  ''battle  manage¬ 
ment  architecture.”  The  battle  management 
design  shows  how  BMD  system  components 
would  be  integrated  into  a  single  coordinated 
operating  entity.  The  battle  management  soft¬ 
ware,  which  would  direct  the  battle  manage¬ 


ment  computers  and  control  the  actions  of  the 
system,  would  cearry  the  burden  of  integration. 
A  communications  system  would  transmit 
data  and  decisions  among  the  battle  manage¬ 
ment  computers  and  between  the  computers 
and  the  sensors  and  weapons. 

The  system  would  probably  divide  the  vol¬ 
ume  in  which  the  battle  would  be  fought  into 
a  set  of  smaller  battle  spaces.  A  rs^onal  or 
local  battle  manager  would  consist  of  the  bat- 
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tie  management  software  and  computer  with 
responsibility  for  controlling  the  resources 
us^  to  fight  within  a  particular  battle  space. 
The  battle  manager  and  the  resources  it  con¬ 
trolled  would  be  known  as  a  battle  group.  The 
battle  management  architecture  specifies  the 
following; 

•  the  physical  location  of  the  battle  man¬ 
agement  computers  and  the  nodes  of  the 
communications  network; 

•  the  method  for  partitioning  resources  into 
battle  groups  so  that  battle  management 
computers  have  access  to  and  control  over 
appropriate  numbers  and  kinds  of  sensors 
and  weapons; 

•  a  hierarchical  organization  that  specifies 
the  authority  and  responsibility  of  the  bat¬ 
tle  managers,  similar  to  a  military  chain- 
of-command; 

•  the  role  of  humans  in  the  battle  manage¬ 
ment  hierarchy; 

•  the  method  usi^  for  coordinating  the  ac¬ 
tions  of  the  battle  managers  through  the 
battle  management  hierarchy  and  across 
the  different  battle  phases  so  that  hand¬ 
over  of  responsibility,  authority,  and  re¬ 
sources  between  boost,  post-ixMst,  mid¬ 
course,  and  terminal  phases  would  take 
place  smoothly  and  efficiently;  and 

•  the  orgmiization  of  and  the  method  used 
for  routing  data  and  dedsicns  tlvough  the 
communications  network,  probably  orga¬ 
nized  as  a  hierarchy  that  would  govern 
how  the  nodes  of  the  network  were  con¬ 
nected. 


Battle  management  architectures  proposed 
so  far  have  varied  widely  in  their  approach  to 
these  issues.  For  example,  some  arcMtects  pro¬ 
posed  placing  their  space-based  battle  manage¬ 
ment.  computers  on  the  same  satdlite  plat¬ 
forms  as  the  Space  Surveillance  and  Tracing 
System  (SSTS),  some  on  the  carrier  vehicles, 
and  some  on  separate  battle  management  plat- 
fonns;  some  proposed  that  the  battle  managers 
ez  hange  track  information  only  among  neigh¬ 
bor  battle  managers  at  the  same  level  of  the 
battle  management  hierarchy,  while  others 
proposed  that  the  same  data  alro  be  exchanged 
between  upper  and  lower  levels;  some  ar¬ 
chitects  permitted  humans  to  intervene  in  the 
midst  of  battle  to  select  different  battle  strat¬ 
egies  while  others  allowed  humans  only  to  au¬ 
thorize  weapons  release. 

Table  3-6  describes  two  different  battle  man¬ 
agement  architectures  that  are  representative 
of  those  proposed.  It  shows  th*'  physical  loca¬ 
tions  of  the  battle  managers,  the  criteria  used 
for  partitioning  resources  into  battle  groups, 
the  data  exchanged  by  the  battle  managers, 
the  methods  us^  for  coordinating  responsi¬ 
bility  and  authority  between  phases  of  the  bat¬ 
tle,  the  degree  to  which  human  intervention 
would  be  allowed  during  battle,  and  the  struc¬ 
ture  of  the  conununications  network. 

Interaction  Between  Battle  Management 
and  System  Architectnre 

Battle  management  architectural  decisions 
would  btr^gly  affect  the  size,  complexity,  and 
organization  of  the  battle  management  soft- 


Table  3-6.— Two  Representative  Battle  Management  Architectures 


Oes'gn  by 
location  of 
battle 
managers 

Partitioning  criterion 

Data  exchanged  by 
battle  managers 

Method  of  coordinating 
between  battle  phases 

Degree  of 
human  intervention 

Communications 
network  organization 

D09tgn  1: 

SSTS 

Local  batti*i  groups 
assigned  to  cover 
specific  Earth-based 
geographic  areas 

Object  tracks 

Regional  battle 
managers  control 
hand-over  between 
phases 

Humans  authorize 
weapons  release  at 
start  of  battle:  can 
switch  strategies 
during  battle 

Two-tiered  hierarchy 

D99ign  II: 

Carrier 

vehicles 

Initiatty  geographic, 
then  by  threat  tube 
(the  path  along 
which  a  group  of 
missiles  travels) 

Health  (weapon  status) 
Information 

All  battle  managers 
use  same  criteria  for 
target  allocation, 
taking  Into  account 
locations  of  other 
battle  managers 

Humans  authorize 
weapons  release  at 
start  of  battle 

Ail  nodes  in  line-of- 
sight  of  each  other 
are  Interconnected 

SOURCE:  Offlc*  of  Tochnofogy  AsMismont,  1988. 
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ware.  Because  of  the  close  relationship  between 
the  battle  management  computers  and  the 
conununicatic-ns  network,  such  decisions  also 
would  strongly  affect  the  software  that  con¬ 
trolled  the  computers  forming  the  nodes  of  tl^ 
communications  network.  A  good  example  of 
the  interaction  among  system  architecture, 
battle  management  architecture,  and  battle 
management  and  communications  software  is 
represented  by  the  controversy  over  how 
widely  distributed  battle  management  should 
be.  The  two  extremes  of  completely  central¬ 
ized  and  completely  autonomous  battle  man- 
a^^rs  and  a  range  of  intermediate  options  are 
discussed  in  both  the  Fletcher  and  Eastport 
group  reports  and  considered  in  all  the  architec¬ 
ture!  studies.” 

Physical  Organization  v.  Cmceptnal  Des^ 

Analyses  often  have  reflected  confusion  be¬ 
tween  the  physical  organization  and  the  con- 
ceptual  organization  of  the  battle  managers. 
The  physical  organization  may  be  centralized 
by  putting  all  of  the  battle  management  soft¬ 
ware  into  one  large  computer  system,  or  be  dis¬ 
tributed  by  having  battle  management  com¬ 
puters  on  every  carrier  vehicle.  Similarly,  the 
software  may  be  designed  as: 

1.  a  single,  central  battle  manager  that  con¬ 
trols  the  entire  battle; 

2.  a  hierarchy  of  battle  nranagers,  with  lo¬ 
cal  battle  managers  each  responsible  for 
a  small  battle  space,  regional  battle  man¬ 
agers  responsible  for  coordinating  among 
local  batt*e  mana^rs,  and  a  central  bat¬ 
tle  manager  coon^ating  the  actions  of 
the  regional  battle  managers;  or 

3.  as  a  set  of  completely  independent  battle 
managers  with  no  coordination  among 
each  other. 

Any  of  these  three  software  designs  might  be 
implemented  using  either  a  centralized  or  dis- 


'^Report  of  the  Study  oo  ElimiBMting  71m  Thnet  Poeed  by 
Nucle&r  Ballistic  Missiles^  Vo/.  V.  Battle  Management,  Com^ 
munications,  and  Data  Processing,  October  1983.  This  was  the 
only  unclassified  volume  of  the  Fletchr  <  fommissioa  report.  Sm 
also  '^Eastport  Study  Group  A  to  the  Director.  Stra¬ 

tegic  Defense  Initiative  Organizaiion**  Ti^astport  ^udy  Group. 
Marina  Del  Rey.  CA.  1985). 


tributed  physical  organization.  Variations  on 
the  three  designs,  eg.,  introducing  more  levels 
into  the  battle  manager  hierarchy,  are  possi¬ 
ble,  but  infrequently  considered. 

The  physical  organization  and  the  conceo- 
tual  design  would  impose  constraints  on  each 
other,  and  factors  such  as  survivability  and 
reliability  would  drive  both.  A  widely  distrib¬ 
uted  physical  design,  involving  many  inde¬ 
pendent  computers,  would  impose  too  heavy 
a  synchronization  and  conununications  pen¬ 
alty  among  the  physically  distributed  compo¬ 
nents  of  the  software  to  permit  use  of  a  cen¬ 
tralized  conceptual  design:  the  attendant 
complications  in  the  software  would  make  the 
battle  manager  unreliable  and  slow  to  react. 
Physics!  distribution  requires  the  battle  man¬ 
agement  software  on  each  computer  to  be  rela¬ 
tively  autonomous.  A  system  with  completely 
autonomous  battle  managers  would  pmorm 
less  well  than  a  system  with  communicating 
battle  managers.  Accordingly,  even  a  widdy 
distributed  physical  m’ganization  would  likely 
require  some  communications  and  synchroni¬ 
zation  among  the  battle  managers. 

A  centralized  physical  design  mij^t  not  pro¬ 
vide  sufficient  computer  processing  power  for 
acceptable  performance,  but  wodd  signifi¬ 
cantly  improve  communications  among  the 
battle  managers.  The  result  mi^t  sin^liiy  the 
software  devel<^meot,  and  lead  to  greater  soft¬ 
ware  reliability.  On  the  other  hand,  such  an 
organization  might  result  in  a  poorly  surviva- 
ble  system:  if  the  central  computer  were  dis¬ 
abled,  the  remainder  of  the  system  could  not 
function. 

Integrating  Battle  Management  ArchHeeture 
With  System  Architecture 

Since  the  system  architecture,  physical  bat¬ 
tle  management  organization,  and  battle  man¬ 
agement  software  design  affect  each  other,  all 
should  be  considered  together.  The  relation¬ 
ships  and  interfaces  among  the  battle  manag¬ 
ers  should  be  defined  either  prior  to  or  together 
with  definition  of  the  physical  organization  of 
the  battle  managers  and  their  requirements  fw 
conununication  with  each  other  and  with  sen¬ 
sors  and  weapons.  As  the  Fletcher  report 


state^  The  battle  management  system  and 
Its  software  must  >3e  designed  as  an  integral 
part  of  the  BMD  s>’stem  as  a  whole,  not  as  an 
applique.  ** 

N^t  of  the  SDI  sichitectures  proposed  so 
far  nave  shown  Ktds  evidence  of  an  integral 
design.  Softvfare  design  has  been  largely  ig¬ 
nored,  giving  way  to  issues  such  as  the  loca¬ 
tion  of  the  battle  management  computers  and 
forming  battle  groups.  The 
oDIO  has  reported  that  it  is  attempting  to  bet- 
ter  mtegrate  overall  system  architecture 
studies  and  battle  management  studies  in  its 
oirr^t  phase  of  system  architecture  contract- 
mg.  However,  the  system  proposed  in  mid-1987 
ifa  demonsL.;tion  and  validation”  seemed  to 
reflect  no  such  integration. 

Some  Important  Results  of  the  System 
Requirements  and  Design  Work 

Systems  analysis  tot  SDI  is  still,  necessarily 
at  a  preliminary  stage.  Its  most  valuable  con- 
tnbution  so  far  has  probably  been  the  iden- 
afication  of  key  issues  that  research  would 
have  to  resolve  satisfactorily  before  the  Nation 
could  make  a  rational  decision  to  proceed  to 
development  and  deployment  of  BMD.  In  par¬ 
ticular,  the  analyses  have  shown  the  following; 

Boost-Phase  Interception 

Adequate  boost-phase  interception  of  mis¬ 
siles  IS  essential  to  make  the  m'd-course  and 
tenmn^  interception  problems  manageable: 
otherwise,  the  Offense  has  the  opportunity  to 
d^;oy  so  many  decoys  and  other  penetration 
aids,  that  they  could  swamp  the  other  defen- 
Mve  layers.  However,  an  adequate  boost-phase 
mteri^tion  may,  over  time,  be  countered  by 
new  offensive  weapons  and  still  have  done  its 
job;  after  deploying  all  the  faster  burning 
listers  and  PBVs  it  could  afford  to  counts 
the  boost-phase  defense,  the  offense  may  not 
abb  to  deploy  enough  decoys  to  ove.whelm 
the  raid-couise  defense. 


Ultimate  Need  for  Directed-Energy  Weapons 

As  a  corollary  to  the  need  fm-  effective  boost- 
phase  interc^tion,  it  will  be  important  to  have 
a  credible  long-term  system  design  which  in¬ 
cludes  directed-energy  w^pons  based  in  space 
to  carry  out  boost-phase  interception  against 
boosters  and  PBVs  that  are  too  fast  to  be 
reached  by  kinetic  energy  weapons.  Without 
such  a  credibb  plan,  the  boost-phase  intercep¬ 
tors  would  face  fairly  predictable  obsolescence. 
(It  is  possible,  however,  to  imagine  the  devel¬ 
opment  of  new  SBIs  able  to  penetrato  the  up- 
I^r  atmosphere;  if  launched  quickly  enough, 
they  could  then  reach  some  boosters.) 

Need  for  Interactive  Discrimination 

Because  of  the  potential  for  Soviet  deploy¬ 
ment  of  hundreds  of  thousands  of  decoys  that 
passh'e  sensors  may  not  be  able  to  differenti- 
ate  from  RV s  disguised  as  decoys  (“anti-simu¬ 
lation”),  mid-course  interception  is  likely  to  re¬ 
quire  means  of  perturbing  RVs  and  decoys  and 
highly  capable  sens<na  to  detect  the  differences 
m  the  ways  the  two  kinds  of  objects  react.  Such 
means  of  “interactive  disci  Imination”  have 
been  conceived  but  not  yet  built  and  tested. 

Interdependence  of  Defensive  Layers 

IdeaUy,  independent,  layers  of  sensors  and 
weapens  would  carry  cut  interception  of  each 
pha^  of  ballistic  missile  trajectory,  thus  elim- 
matmg  common  failure  m^es  and  common 
nodes  of  vulnerability  to  hostile  action.  In  fact, 
for  practical  reasons,  the  system  architects 
y  produced  designs  with  considerable 
degr^  of  interdependence.  In  addition,  as 
notea  above,  even  if  the  functions  of  each  layer 
were  performed  entirely  independently,  failure 
m  one  phase  of  interception  (the  boost-phase, 
fo^xample)  can  severely  affect  the  potential 
performaiKe  of  succeeding  phaseB. 

Imp<H*tsnce  of  Integrated  Battle  Management 
Architocture 

Initially,  system  architecture  and  battle 
management  architecture  studies  were  sepa- 
rfitely  contractod  for,  prodneieg  largo  dia- 
crepancies  among  those  who  had  studied  each 


“Ibid. 


subject  the  most.  The  two  sets  of  studies  are 
apparently  now  being  better  integrated,  and 
presumably  subsequent  designs  wiU  reflect 
that  integration. 

Distributed  Battle  Manageoient 

Although  considerable  work  on  desigmng 
BMD  battle  management  remains,  analysis  so 
far  makes  clear  the  importance  of  a  battle  mtm- 
agement  system  that  make  decisions  in  a  dis¬ 
tributed,  as  opposed  to  centralized,  fashion. 
Attempting  to  centralize  the  decisio^aking 
would  both  impose  excessive  computing,  soft¬ 
ware  engineering,  and  communications  require 
ments  and  make  the  system  more  vulnerable 
to  enemy  disruption. 


Heavy  Space  TransporUtkm  ReqnireineBts 

The  system  architecture  designs  now  permit 
better  forecasts  of  the  requirements  imposed 
by  space-based  systems  for  space  transporta¬ 
tion  capabilities— capabilities  far  beyond  those 
the  United  States  now  possesses.  (Primarily 
ground-based  architectures  do  not  share  this 
problem.) 

Requirements  for  Assured  Survival 

There  appears  to  be  general  agreement  on 
the  importance  of  significantly  rududng  offen¬ 
sive  force  developments  if  one  hopes  to  pro¬ 
vide  mutual  assured  survival  for  the  U.S.  and 
Soviet  populations. 


IMPORTANT  SYSTEMS  ANALYSIS  WORK  REMAINING 


The  SDl  architecture  studies  have  just  be¬ 
gun  to  address  the  complex  problems  of  de¬ 
signing  a  working,  survivable  BMD  system 
with  prospects  for  long-term  viability  against 
a  responsive  Soviet  threat.  Thus  far,  the  ar¬ 
chitecture  studies  have  served  the  useful  pur¬ 
pose  of  helping  to  identify  the  most  critical 
technologies  needing  further  development.  Fu¬ 
ture  system  designois  would  have  to  integrate 
the  technologies  actually  available— and  mass 
producible — into  deployable  and  workable 
weapon  systems. 

Given  that  the  system  architects  and  SDIO 
are  just  over  2  te  3  years  into  an  analytic  ef¬ 
fort  that  will  take  many  more  years,  it  is  not 
a  criticism  to  say  that  much  work  remains. 
HowevfU’,  it  appears  to  be  the  case  that  the  anal¬ 
ysis  supporting  tne  first-phase  architecture  that 
iiiDIO  proposed  in  mid-1987  simply  £d  not  ad¬ 
dress  many  key  questions.  The  following  are  fur¬ 
ther  tasks  that  analysts  should  carry  out  to  help 
both  the  executive  and  legislative  brandies  judge 
the  potential  effects  of  decisions  on  BMD. 

Further  Strategic  Nuclear  Force 
Eixchange  Work 

The  strategic  nuclear  exchange  modeling 
done  so  far  by  the  SDI  system  architects  pro¬ 


vides  a  useful  beginning  to  the  larger 
lengthier  task  of  developing  the  information 
that  will  be  needed  for  a  nat  lonal  decision  on 
whether  to  deploy  BMD.  If  the  limitations  of 
these  kinds  of  simulations  im  bwne  carefully 
in  mind,  they  can  help  one  lo  understand  how 
BM.D  might  affect  the  calculations  of  U.S.  and 
Soviet  national  leaders,  both  in  decisions  about 
peace  and  war  and  in  decisions  about  long-term 
strategic  policies.  They  can  also  help  to  clar¬ 
ify  the  assumptions  aU  participants  bring  to 
the  U.S.  national  debate  about  BMD. 

Introduce  Comparability  Among  Analyses 

It  is  desirable  to  have  competing  sets  cf  com¬ 
puter  simulation  models  for  analyzing  the  same 
questions.  In  that  way,  decisionmakers  could 
compare  differing  conclusions  and  identify  the 
underlying  assumptions  of  each.  (Comparisons 
could  also  uncover  errors  in  implementation 
of  the  models.)  Analysts  should  run  different 
models  using  the  same  sets  of  data  about  the 
Soviet  missile  threat,  the  same  configurations 
of  defensive  systems,  and  the  same  offensive 
and  defensive  strategies  and  tactics.  Thus  far, 
differences  in  these  elements  have  made  the 
analyses  of  the  ^stem  architects  difficult  to 
compare  and  judge. 


Further  Ajialyses  of  Soviet 
Offetisi^  e  Sesponaes 

The  siniulaclons  run  so  far  have  oTamintui 
only  linvtod  variations  on  Soviet  attack  plans 
in  the  face  of  growing  U.S.  defensive  capabih 
ities:  the  assumption  is  made  that  the  Soviets 
have  an  inflexible  list  of  targets.  The  Soviets 
are  assumed  to  optimize  their  exact  attack  plan 
to  destroy  the  highest  possible  number  of  those 
targets  at  some  level  of  confidence.  Suppose, 
however,  that  if  defenses  drastically  reduced 
Soviet  confidence  in  their  ability  to  destroy 
hardened  milit^  targets,  they  concentrated 
on  softer  military  and  economic  targets. 
Analysts  inust  cany  out  further  exploration 
of  this  possibility  if  decisionmakers  are  to  un¬ 
derstand  the  full  implications  of  BMD  for  all 
t)T)es  of  detenence  (see  table  3-1). 

Assumptions  About  DsteiTence 

An  analytic  focus  on  an  inflexible  Soviet  tar¬ 
get plan  seems  to  be  related  to  a  simplified 
model  of  potential  Soviet  motives  for  attack. 
The  usual  working  assumption  seems  to  be 
that  the  Soviets  would  decide  to  launch  a  nu¬ 
clear  strike  on  the  United  States  on  the  basis 
of  calculations  about  the  probabilities  of  de¬ 
stroying  certain  percentages  of  various  types 
of  targets.  In  this  view,  above  a  certain  thresh¬ 
old  for  one  or  more  of  these  probabilities,  the 
^viets  would  be  willing  to  strike,  and  below 
it  they  would  not  because  they  could  not  ac¬ 
complish  their  military  purposes.  One  target 
set  would  be  the  weapons  and  command-and- 
control  facilities  that  would  permit  a  U.S.  nu¬ 
clear  retaliation.  But  the  exact  role  in  Soviet 
decisionmaking  attributed  to  fear  of  retalia- 
tion— as  opposed  to  accomplishment  of  other 
military  objectives— remains  unclear.  The  nu- 
dew  exchange  models  should  make  more  explidt 
their  assumptions  about  the  weightings  given 
to  denial  of  military  objectives  as  opposed  to  the 
likelihood  and  intensity  of  U.S.  retaliation  as  en¬ 
forcers  of  deterrence. 

Analysts  should  attempt  to  identify  the  in¬ 
crement  of  uncertainty  added  to  the  Soviet  cal- 
ciilus  of  nuclear  war  provided  by  levels  of  defen¬ 
sive  capability  that  might  increase  Soviet 
uncertainty  about  achieving  attack  objectives, 


but  that,  could  not  assure  denial  of  those  objec¬ 
tives.  Many  things  could  go  wrong  with  a  nu- 
deai^  attack  precisely  scheduled  to  achieve  a 
specific  set  of  goals  (such  as  knocking  out  a 
pven  percentage  of  U.S  retaliatory  capabil¬ 
ity).  How  much  uncertainty  would  a  given  level 
of  BMD  add  to  that  wMch  already  exists? 
What  are  the  potential  Soviet  respont  «s  to  this 
additional  uncertainty?”  To  what  ext  mt  would 
the  increment  of  uncertainty  strengthen  de¬ 
terrence?  At  what  cost  per  increment  of 
strengthened  deterrence? 


Strategic  Stability  Analyses 

Closely  related  to  the  question  of  Soviet  at¬ 
tack  motivations  is  the  question  of  strategic 
stabmty.  In  its  1985  report  on  BMD,  OTA  em¬ 
phasized  the  importance  of  exploring  this  ques¬ 
tion  thoroughly. 

A  simplified  approach  to  crisis  stability  is 
as  follows:  in  a  milit^  confrontation  with  the 
United  States,  Soviet  decisionmakers  would 
cdculate  whether  or  not  they  could  achieve  a 
given  set  of  military  objectives  by  launching 
a  strategic  nuclear  first  strike.  If  the  objectives 
seemed  attainable,  they  would  strike;  if  not, 
they  would  refrain.  The  Systran  architects  have 
considered  this  scenario. 


Another  possibility  they  should  address, 
however,  is  that  Soviet  perceptions  of  a  likely 
U.S.  first  strike  might  afiect  So-i-iet  behavior. 
System  architects  have  been  understandably 
reluctant  to  run  or  to  report  extensively  on 
simulations  in  which  the  United  States  is  as¬ 
sumed  to  strike  first.  Such  analyses  might  im¬ 
ply  to^some  that  a  change  is  being  contem¬ 
plated  in  U.S.  policy  not  to  launch  a  preemptive 
strategic  nuclear  first  strike.  Nevertheless, 
such  analvsis  needs  to  be  done,  not  b^ause 
the  United  States  would  launch  such  an  attack, 
but  because  the  Soviet  Union  might  not  be¬ 
lieve  that  it  would  not. 


A  possibUity  suggested  by  one  reviewer  of  the  OTA  study 
18  that  the  Soviets  discover,  unbeknownst  to  the  United  Sutes 
a  way  of  disabling  the  U.S.  BMD  system  (perhaps  by  spoofing 
ite  TOmmand  and  control  system).  Further,  the  Soviets  vaUdate 
their  countermeasure  with  undetected  techniques  before  actu¬ 
ally  launching  an  attack.  Certain  that  their  teclmique  will  work, 
wid  their  offensive  forces  augmented  in  response  to  the  U.S 
defensive  deployments,  the  Sonets  in  this  scenario  end  up  more 
certain  abouttheprobablesuccessof  their  attack  than  before. 


It  is  conceivable,  for  example,  that  Soviet 
strategic  exchange  calculations  could  show 
that  a  U.S.  first  strike,  backed  up  by  U.S. 
BMD,  mi^t  allow  the  United  Stat^  to  reduce 
significantly  the  damage  from  a  Soviet  “ragged” 
retaliation. On  the  other  heuid,  a  Soviet  first 
strike  might  have  an  analogous  effect.  If  the 
Soviets  telieved  that  the  United  States,  ex¬ 
pecting  a  Soviet  strike,  might  strike  first,  then 
the  Soviets  might  try  to  get  in  the  first  blow. 
Thus,  they  would  not  make  their  decision  to 
strike  on  the  basis  of  accomplishing  a  clear  set 
of  military  objectives,  but  instead  on  the  ba¬ 
sis  of  choosing  the  less  terrible  of  two  cata¬ 
strophic  outcomes. 

Elven  If  the  Soviet  Union  and  the  United  States 
avoided  a  nuclear  crisis  in  which  such  calcula¬ 
tions  might  play  a  role,  the  calculations  could 
still  influence  the  longer-range  Soviet  responses 
to  U.S.  BMD  deployments.  The  Soviets  might 
decide  that  it  was  extremely  important  to  them 
to  maintain  a  “crecfible”  nuclear  threat  against 
the  United  States,  and  therefore  be  willing  to 
spend  more  on  maintaining  offensive  forces  than 
“cost-exchange”  ratios  would  seem  to  justify. 

Administration  officials  have  repeatedly 
stated  their  desire  to  negotiate  (or  find  unilater¬ 
ally)  a  “stable  transition”  path  to  a  world  in 
which  strategic  defenses  play  a  large  role.  Find¬ 
ing  such  a  path  would  require  careful  analysis 
of  the  incentives  presented  to  Soviet  leaders  by 
U.S.  actirms.  Estimating  the  consequences  of  a 
hypothetical  U.S.  attack  is  one  key  part  of  such 
an  analysis.  Only  then  might  U.S.  analysts 
identify  offensive  and  defensive  force  levels 
that  both  sides  could  believe  served  their  secu¬ 
rity.  Some  of  this  analytic  work  has  been 
started,  but  more  is  necessary. 

U.S.  Responses  to  Soviet  BMD 

It  is  entirely  possible  that  the  Soviet  Umon 
will  not  wait  until  the  United  States  decides 
whether  deploying  BMD  is  a  good  idea  or  not, 
but  instead  will  unilaterally  choose  to  expand 


“A  “ragged"  retaliation  is  one  carried  out  after  U»e  first  strike 

has  destroyed  at  least  portions  of  the  nation's  strategic  forces 
and  possibly  degraded  its  command  and  control  system,  result* 
ing  in  a  relativeiy  unstructured,  diluted  counter-attack. 


its  own  BMD  system.”  The  United  SUtes  con¬ 
ducts  BMD  research  in  part  to  be  able  to  re¬ 
spond  in  kind  to  such  a  decision.  The  system 
architects  for  SDI  have  conducted  simulations 
to  show  how  a  responding  U.S.  BMD  deploy¬ 
ment  might  restore  the  U.S.-Soviet  strategic 
balance.  Before  the  United  States  chose  such 
a  response,  however,  two  other  kinds  of  anal¬ 
ysis  are  desirable.  First,  analysts  should  com¬ 
pare  the  BMD  option  with  the  option  of  drci^ 
venting  Soviet  BMD  by  means  of  increasing 
U.S.  air-breathing,  low-flying  cruise  missile 
forces.  Second,  researchers  should  determine 
the  ability  of  U.S.  technology  to  find  adequate 
ofiensive  countermeasures  to  Soviet  BMD. 

These  questions  are  partly  amenable  to  the 
strategic  exchange  modeling  technique.  In  the 
first  case,  the  model  could  assume  various 
numbers  of  cruise  missiles  with  varying  levels 
of  probability  of  penetration  in  battle  scenarios 
in  which  Soviet  BMD  was  degrading  the  abil¬ 
ity  of  U.S.  ballistic  missiles  to  get  through. 
Analysts  could  compare  these  outcomes  to 
those  of  similar  scenarios  in  which  the  U.S.  de¬ 
ployed  BMD  instead  of  additional  cruise  mis¬ 
siles.  Then  they  could  estimate  quantities  of 
BMD  and  cruise  missiles  re-^uir^  to  produce 
aimilar  outcomes.  This  information  could  pr<v 
vide  the  basis  for  cost-effectiveness  compari¬ 
sons  between  BMD  and  cruise  missiles  once 
data  on  the  actual  costs  of  the  two  types  of 
systems  became  available. 

Similarly,  analysts  could  plug  into  the  simu¬ 
lations  the  increases  in  warhead  penetration 
ot  Soviet  defenses  caused  by  U.S.  offensive 
countermeasures.  Once  estimates  were  avail¬ 
able  for  the  costs  of  these  cotmtermeasures, 
analyses  could  develop  some  idea  of  the  rela¬ 
tive  cost-effectiveness  of  offense  and  defense. 


••As  permitted  by  the  ABM  Treaty,  the  SovieU  have  retained 
a  limited,  nuclear-armed  ballistic  missile  defense  system  in  the 
Moscow  area;  they  are  currently  expanding  the  system  to  the 
full  100  interceptors  permitted  by  the  treaty,  and  could  con¬ 
ceivably  replicate  the  system  elsewhere.  They  h^e  also  con¬ 
structed  a  series  of  phasM  array  radars  around  the  Soviet  Umon 
which  would  provide  warning  and  limited  battle  management 
capabilities  for  such  an  exp^ed  system. 
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Analysis  of  Alternate  Defensive  Measures 

The  lesser  goals  of  strategic  defense— that 
is,  enhancing  deterrence  by  increasing  Soviet 
uncertainty  or  denial  of  various  military 
objf^:tives— have  thus  far  been  considered  as 
preliminary  benefits  on  the  way  toward  ex- 
tremel3'  high  degrees  of  population  protection. 
Therefore,  alternate  means  of  acldeving  the 
lesser  goals  as  ends  in  themselves  have  not 
been  analyzed.  A  few  examples  might  clarify 
this  point. 

Defense  of  Land-Based  iCBMs.— If  strength¬ 
ening  deterrence  by  increasing  the  sui^ivabil- 
ify  of  U.S.  land-based  retaliatory  forces,  espe¬ 
cially  ICBMs,  were  the  goal  of  d^loying  BMD, 
then  the  system  designs  done  for  tee  SDI 
might  not  be  optimal.'*  Instead,  ground-based, 
low-altitude  interceptors  locai^  relatively 
near  the  missiles  to  be  defended  might  be  less 
expensive  (unlike  cities,  hardened  missile  silos 
or  capsules  might  withstand  low-altitude  nu¬ 
clear  explosions).  In  addition,  the  United 
States  would  want  to  consider  how  it  could  use 
various  forms  of  mobile  or  deceptive  basing 
of  ICBMs  in  conjunction  with  lifted  BMD 
to  make  the  enemy’s  cost  of  attacking  the  mis¬ 
siles  prohibitive. 

Careful  analysis  of  the  goal  of  protecting 
strategic  bomber  bases  from  SLBMs  launched 
not  far  off  U.S.  shores  might  also  yield  differ¬ 
ent  BMD  designs  combined  with  different 
bomber  basing  tactics. 

Defense  of  Command,  Control,  and  Commu¬ 
nications  Facilities.— Similarly  the  strategic 
goal  of  increasing  the  siirvivability  of  the  U.S. 
command  and  control  system  for  nuclear  forces 
might  be  achieved  by  some  form  of  BMD,  but 
the  United  States  should  also  compare  the  cost 
and  effectiveness  of  BMD  with  those  of  other 
measxires  for  making  the  system  more  resis¬ 
tant  to  nuclear  attack.  Further  analysis  might 
show  that  some  combination  of  passive  sur¬ 
vivability  measures  and  BMD  would  be  more 
cost-effective  than  either  alone. 


“See  U.S.  Congress.  Office  of  Technology  Assessment.  MX 
MissUe  Basing,  OTA-ISC-140  (Washington.  DC:  U.S.  Govern¬ 
ment  Printing  Office.  September  1981). 


Defense  Against  Accidental  or  Terrorist  Mis¬ 
sile  Launches.- Protecting  the  country  against 
10  or  so  incoming  reentry  vehicles  is  a  much 
different  task  than  protecting  it  against  thou¬ 
sands.  While  SDI-designed  systems  might  of¬ 
fer  such  protection  as  a  side-benefit,  if  this  kind 
of  defense  were  to  be  the  major  goal  of  deploy¬ 
ing  BMD,  one  would  consider  ^ferent,  mute 
simpler  and  cheaper  architectures  than  tlrase  de¬ 
signed  for  the  SDL" 

Further  System  Requirements 
and  Design  Work 

Analyze  Additional  Threats  to 
BMD  System  Survivability 

The  SDI  system  architects  recognized  that 
survivability  would  be  a  critical  feature  of  any 
BMD  system.  They  devoted  considerable  ef¬ 
fort  and  ingenuity  to  inventing  ways  to  reduce 
system  vidnerability  to  Soviet  attack.  The 
chief  threat  to  survivability  thsy  evaminad  was 
ground-based,  direct-ascent  anti-satellite 
weapons— rockets  that  the  Soviets  could  “pop 
up”  from  their  territory  to  attack  U.S.  space- 
based  BMD  assets  with  nuclear  or  non-nuclear 
warheads.  This  was  a  reasonable  first  approach 
to  the  survivability  problem:  such  weapons 
probably  represent  the  kind  of  defense  suppres¬ 
sion  weapon  most  immediately  available  to  the 
Soviets.  If  the  defense  could  not  counter  this 
threat,  then  there  would  be  no  point  in  ei^lor- 
ing  other,  more  sophisticated  threats. 

In  the  second  round  of  their  “horse  race” 
competition  the  system  architects  did  very  lit¬ 
tle  analysis  of  other  potential  threats  to  BMD 
system  survivability,  particularly  longer-term 
space-based  threats.  The  threat  of  “space 
mines,”  satellites  designed  spedficady  to 
shadow  and  destroy  the  various  space-based 
BMD  components,  was  not  considered  in 
depth.  Moreover,  no  analysis  assumed  that  the 
Soviets  might  deploy  in  space  a  BMD  system 


“For  example,  a  few  ground-baeed.  long-range  interceptors 
like  the  Exo-atmosiriwric  Reentry  Interceptor  ^stem  (ERISI- 
eee  ch.  6— could  cover  the  continental  United  States;  Minting 
early-warning  radars  could  give  initial  track  information  and 
a  few  "pop-up"  infrared  sensor  probes  provide  final  trade  infor¬ 
mation. 


«0 


comparable  to  that  of  the  United  States;  thns 
the  potential  vulnerabilities  of  such  weapon  sys¬ 
tems  to  one  another  were  not  considered.  In¬ 
stead,  it  was  assumed  that  the  United  States 
would,  for  the  most  part,  militarily  dominate 
near-Earth  space.  From  the  statement  of  work 
provided  to  the  SDI  system  architecture  con¬ 
tractors  late  in  1986,  it  remained  unclear 
whether  this  assumption  would  be  changed  in 
the  follow-on  studies  to  be  completed  early  in 
1988. 

Develop  Realistic  Schedules 

The  system  architects  were  originally  in¬ 
structed  to  design  systems  that  might  enter 
full-scale  engineering  development  in  the  early 
1990s  and  be  deployed  beginning  in  the  mid- 
1990s.  The  systems  they  designed  would  have 
required  challenging  technical  achievements 
even  under  the  originally  requested  SDI 
budgets.  For  example,  one  ^stem  architect 
pointed  out  that  a  vigorous  technology  pro¬ 
gram  did  not  yet  exist  fw  an  active  q)ace-based 
sensor  crucial  to  an  “interim”  defense  intended 
for  deployment  in  the  mid-1990s.  Or,  to  take 
another  example,  deplosrment  in  the  mid-1990s 
of  the  space-based  systems  identified  by  the 
architects  would  require  that  the  United  States 
decide  almor  1.  immediately  to  begin  acquiring 
the  massive  space  transportation  system  that 
deplojrment  would  require.** 

Given  the  actual  levels  of  SDI  funding  appro¬ 
priated  by  Congress  thus  far,  mid-19908  deploy¬ 
ment  of  the  kinds  of  systems  initially  propos^ 
by  the  system  ardiitects  is  clearly  not  feasible. 
Even  with  the  requested  funding,  it  is  unlikely 
that  researchers  could  overcome  ^  the  tech¬ 
nological  hurdles  in  time  to  permit  confident 
^-scale  engineering  decisions  in  the  early 
1990s.  Nor  is  it  dear  that  the  full-scale  engi¬ 
neering  process,  including  establishment  of 
manufacturing  capabilities  for  the  complex 
systems  involved,  could  be  completed  in  just 
3  or  4  years.  (For  example,  the  most  optimis¬ 
tic  expert  estimate  OTA  encountered  for  engi¬ 
neering  full-scale  SDI  battle  management  soft- 


■The  SDIO  requested  $250  mO'ion  in  supplemenUl  funds  for 
fiscal  year  1987  to  develop  techiiology  for  k>wK»st  space  trans- 
portation. 


ware  was  7  years.)  In  short,  the  systems 
designated  as  “interim”  (similar  to  those  la¬ 
beled  “Second  Phase”  in  table  3-5)  by  the  svr- 
tem  architects  would  not  be  likely  to  reach  nill 
operational  capability  until  well  after  the  year 
2000. 

Late  in  1986,  SDIO  called  on  its  contractors 
to  orient  their  work  to  a  much  scaled-back  as¬ 
tern  architecture,  with  scaled-back  strategic 
goals  (see  the  “First  Phase”  in  table  3*4). 
Speculations  emerged  in  the  press  about  “early 
deployment”  options  under  consideration. 
Analysis  of  the  “phase  one”  designs,  however, 
suggests  that  even  they  could  not  be  ready  for 
initial  roace  deployment  untU  at  least  the  mid- 
1990s.  Nor  could  they  be  fully  in  place  much 
before  tlm  end  of  the  century. 

In  the  meantime,  the  Soviet  Union  might  well 
deploy  practical  countermeasures  against  such 
aystems.  %)ecifically,  many  in  the  defense  cmn- 
munity  believe  that  the  l^viets  could  deploy 
decoys  along  with  their  reent^  vehicles  that 
would  greatly  stress  the  minimal  mid-courre 
discrimination  capability  of  a  phase-one  sys¬ 
tem.  In  addition,  the  Soviets  could  at  least  be¬ 
gin  to  deploy  new  booster  rockets  that  would 
^astically  reduce  the  effectiveness  of  space- 
based  interceptors  (SBIs)  in  boost-phase  defense. 

Even  if  the  United  States  could  depl<^  SBIs 
beginning  in  the  mid-1990s,  another  question 
remains:  how  confident  do  U.S.  dedsionmakms 
wish  to  be  in  the  long-term  viability  of  BMD 
before  they  decide  to  deploy  such  s^tems? 
Given  the  state  of  research  on  directeo-energy 
devices  for  BMD,  it  is  highly  unlikely  that  U.S. 
leaders  could  have  sufficient  information  by 
the  early  1990s  to  determine  whether  full-scale 
engineering  development  of  phases  two  and 
th^  would  be  feasible  in  the  follo^^g  dec¬ 
ade.  Thus,  an  early  19908  decision  implies  a  com¬ 
mitment  to  a  space-based  BMD  whose  obsoles¬ 
cence  would  be  made  highly  probable  by  the 
prospect  of  faster  burning  Soviet  missile 
boosters,  but  whose  replacement  would  remain 
unproven. 

Develop  Ctedible  Cost  Estimates 

The  SDIO  has  properly  pointed  out  that  try¬ 
ing  to  estimate  total  life-qrcle  costs  for  an  un- 
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precedented  system  is  difficult.  The  aerospace 
industry  would  have  to  manufacture  new  com¬ 
ponents  and  weapons  in  new  ways.  The  Na¬ 
tion  would  need  a  new  space  transportation 
system  for  a  space-based  system.  The  SDIO 
has  agreed  to  estimate  "cost  goals"  to  indi¬ 
cate  the  kind  of  investment  that  the  Nation 
would  have  to  make  in  proposed  BMD  architec¬ 
tures.  The  system  architects  were  instructed 
to  develop  cost  estimates  in  their  1987  .studies. 

Develop  Methods  for  Estimating 
Cost-Exchange  Ratios  Between 
Defense  and  Offense 

As  this  report  pointed  out  in  chapter  2,  one 
key  criterion  for  the  technical  feasibility  of  the 
SDI  scenario  of  transition  to  a  "defense-dom¬ 
inated”  world  is  that  there  be  a  favorable  cost- 
exchange  ratio  between  defense  and  offense. 
The  system  architects  did  try  to  address  this 
issue  in  various  ways,  but  there  still  seems  to 
be  no  systematic  approach  toward  it.  The  prob¬ 
lem  will  be  intrinsically  difficult,  because  esti¬ 
mating  in  advance  tho  costs  of  the  U.S.  BMD 
system  will  be  difficult,  estimating  the  costs 
of  Soviet  responses  will  be  more  difficult,  and 
predicting  Soviet  estimates  of  these  quanti¬ 
ties  will  be  most  difficult  of  all.  Nevertheless, 


analyses  should  at  least  begin  to  specify  what 
information  would  permit  sufficient  confidence 
that  the  defense/offense  cost-exchange  ratio  is 
high  enough  to  justify  going  ahead.  The  system 
architecture  contractor  teams  were  instructed 
to  address  the  problem  in  their  1987  work. 

Assess  the  Role  and  Costs  of 
Complementary  Air  Defenses 

The  Strategic  Defense  Initiative  Organiza¬ 
tion  is  specifically  limited  to  defense  against 
ballistic  missiles.  The  Air  Force  has  under¬ 
taken  an  "Air  Defense  Initiative,"  though  at 
funding  levels  far  below  thoc  of  the  3Dl.  Never¬ 
theless,  at  least  at  the  systems  analysis  level, 
U.S.  decisionmakers  ne^  an  int^uted  under¬ 
standing  of  the  role  that  air  defense  woidd  have 
to  play  if  ballistic  missile  defense  were  to 
achieve  such  goals  as  increasing  Soviet  uncer¬ 
tainty  about  attack  success,  den}ring  Soviet 
abilities  to  destroy  high  percentages  of  certain 
t}rpes  of  targets,  or  protecting  the  population 
from  nuclear  attack.  Miveover,  insofar  as 
BMD  requires  air  defense  to  accomplish  its 
purposes,  the  feasibility  and  affordability  of  air 
defense  against  possible  Soviet  attempts  to  cir¬ 
cumvent  BMD  need  to  be  included  in  any  ulti¬ 
mate  analysis  of  the  feasibility  of  BMD. 
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Chapter  4 

Status  and  Prospects  of  Ballistic 
Missile  Defense  Sensor  Technology 


INTRODUCTION 


Much  of  the  public  debate  on  ballistic  missile 
defense  (BMD)  technologies  centers  on  futur¬ 
istic  weapon  systems  such  as  lasers,  rail  guns, 
and  particle  beams.  The  Strategic  Defense  Ini¬ 
tiative  Organization’s  (SDIO)  initial  BMD  sys¬ 
tem  design,  however,  does  not  include  any  of 
these  exotic  weapons.*  Rather,  it  calls  for 
space-based  interceptors  (SB  I)  to  colUde  with 
^viet  intercontinental  ballistic  missUe  (ICBM) 
boosters  and  post-boost  vehicles  (PBVs),  and 
for  high  acceleration  ground-based  missUes  to 
destroy  Soviet  reentry  vehicles  (RVs)  by  di¬ 
rect  impact.  The  sensor  systems  requir^  to 
detect,  identify,  and  track  up  to  several  hun¬ 
dred  thousand  targets  may  be  more  challeng¬ 
ing  than  the  actu^  kinetic  energy  weapons: 
it  may  be  more  difficult  to  track  targets  than 
to  destroy  them,  once  tracked. 

The  technical  feasibility  of  a  first-phase  de¬ 
ployment,  then,  may  depend  primarily  on  ma¬ 
jor  technical  advances  in  the  areas  of  sensors 
and  chemically  propelled  rockets,  and  less  on 
the  availability  of  rafi-gun  or  laser  weapons  sys¬ 
tems.  Accordingly,  this  report  emphasizes 
these  more  conventional  technologies. 

Nonetheless,  the  more  exotic  weapons  tech¬ 
nologies  could  become  important  in  second-  or 


*Some  BMD  architecture  contractors  did,  however,  call  for 
rather  exotic  beam  sources  for  '^interactive  discriminati  >n,"  in 
which  targets  would  be  exposed  to  8ub*tethal  doses  of  particle 
beams  or  laser  beams  and  their  reactions  measured  to  disttn- 
gtiish  between  reentry  veliicles  and  decoys.  See  section  on  in¬ 
teractive  discrimination. 

Recently.  SDIO  officials  have  spoken  of  "entry  level”  directed- 
energy  weapons  that  might  constitute  part  of  second-pha.ie 
BMD  deployments.  The  utility  of  such  weapons  would  depend 
on  the  pace  and  scope  of  Soviet  countermeasures. 

Note:  Complete  deGmtions  of  acronyms  and  initialisma 
are  listed  in  Appendix  B  of  this  report. 


third-phase  BMD  systems  deployed  in  re¬ 
sponse  to  Soviet  countermeasures.  For  exam¬ 
ple,  if  the  Soviet  Union  deployed  fast- bum 
boosters  that  burned  out  and  deployed  their 
RVs  (pud  decoys)  befcN%  th^  could  be  attacked 
by  slow-moving  chemically-propdled  rockets, 
then  laser  weapons  might  be  essential  to  at¬ 
tack  ICBMs  in  their  b^t  phase.  These  di- 
rected-energy  weapons  (DEW)  would  require 
even  more  accurate  sensors,  since  their  beams 
would  have  to  be  directed  with  great  precision. 
Thus,  the  required  sensor  technology  improve¬ 
ments  might  continue  to  be  at  least  as  stress¬ 
ing  as  weapons  technology  requirements. 

Some  of  the  major  sensor  and  weapon  com¬ 
ponents  proposed  by  Strategic  Defense  Initia¬ 
tive  (SDI)  system  architects  for  both  near-  and 
far-term  deployments  are  listed  in  figure  4-1 
(also  see  ch.  3).  This  chapter  describes  sensors; 
weapons,  power  systems,  communications  ^s- 
terns,  and  space  transportation  required  to  im¬ 
plement  a  global  BMD  system  are  described 
in  chapter  5.  For  each  technology,  chapters  4 
and  5  discuss: 

•  the  type  of  system  suggested  by  SDI  ar¬ 
chitects, 

•  the  technical  requi’«ments, 

•  the  basic  operating  principles, 

•  the  current  status,  and 

•  the  key  issues  for  each  technology. 

The  systems  aspects  of  an  integrated  BMD 
system  are  discussed  in  chapter  6.  Computing 
technologies  are  discussed  in  chapter  8.  Tech¬ 
nologies  for  offensive  countermeasures  and 
counter-countermeasures  are  deferred  untU 
chapters  10  through  12  (as  of  this  writing, 
available  only  in  the  classified  version  of  this 
report). 
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SDI  sensor  systems: 

3STS“Boost  Surveillance  and  Tracking  System  (infrared  sensors) 

SSTS-Space  Surveiliance  and  Tracking  System  (infrared,  visible,  and  possibly  rada*  or  laser  radar  sensors) 

AOS-Airborne  Optical  System  (infrared  and  laser  sensors) 

TIR-Terminal  Imaging  Radar  (phased  array  radar) 

NPB-Neutral  Particle  Beam  (Interactive  discrimination  to  distinguish  reentry  vehicles  (RV's)  from  decoys;  Includes  separate 
neutron  detector  satellite) 

SDI  weapons  systems: 

SBi-Space*Based  Interceptors  or  Kinetic  Kill  Vehicles  (rocket'propetled  hit  to  kill  projectiles) 

S6HEL*Space-6ased  High  Energy  Laser  (chemically  pumped  laser) 

GBFEL-Ground  Based  Free  Electron  Laser  (with  space-based  relay  mirrors) 

NPB-Neutral  Particle  Beam  weapon 

ERiS-Exoatmospheric  Reentry  vehicle  Interceptor  System  (ground-based  rockets) 

HEDUHigh  Endoatmospheric  Defense  Interceptor  (ground-based  rockets) 


I 


SENSORS 


Sensors  are  the  eyes  of  a  weapons  systenx. 
In  the  past  the  human  eye  and  brain  have  con¬ 
stitute  the  primary  nailitary  sensor  system. 
A  soldier  on  the  battlefield  would; 

•  look  over  the  battlefield  for  possible 
enemy  action  (surveillance); 

•  note  any  significant  object  or  motion  (ac¬ 
quisition); 

•  determine  if  the  object  was  a  legitimate 
target  (discrimination); 

•  follow  the  enemy  motion  (tracking); 

•  Aim  his  rifle  (weapon  direction),  fire; 

•  look  to  see  if  he  had  killed  the  target  (kill 
assessment);  and 

•  if  not,  reacquire  the  target  (retargeting), 
aim,  and  shoot  again. 

Ballistic  missile  defense  entails  these  srae 
functions  of  target  surveillance,  acquisition, 
discrimination,  tracking,  weapon  dire^on,  kill 
assessment,  and  retargeting.  BMD  sensors, 
however,  must  have  capabilities  of  resolution, 
range,  spectral  response,  speed,  and  data  stor¬ 
age  and  manipulation  far  beyond  those  of  the 
human  eye-brain  system. 

Proposed  SDI  Sensor  Systems 

I'he  following  sections  describe  five  repre¬ 
sentative  sensor  systems.  Most  of  the  five  SDI 
system  architecture  contractors  (see  ch.  3)  rec¬ 
ommended  some  variation  of  these  sensor  sys¬ 
tems,  The  primary  attack  phase  and  recom- 
mmded  sensor  platforms  for  each  type  are 
►•tiimmarized  in  tables  1-1  and  1-2. 

Boost  Surveillance  and  Tracking  System 
(BSTS) 

The  BSTS  would  have  to  detect  any  missile 
launch,  give  warning,  and  begin  to  establish 
track  ffles  for  the  individual  rockets.  Most  sys¬ 
tem  architects  proposed  a  constellation  of  sev¬ 
eral  satellites  in  high  orbit. 

Typical  BSTS  characteristics  are  summa¬ 
rized  in  the  classified  version  of  this  report. 
Each  BSTS  would  carry  a  sensor  suite  that 
would  monitor  infi-ared  (IR)  emissions  fimm  the 
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rocket  plumes  (see  figure  4-2).  From  their  very 
high  altitude,  these  sensors  would  have  rela¬ 
tively  poor  optical  resolution.  Track  files  could 
be  started,  but  the  Space  Surveillance  and 
Traddng  System  (SSTS)  or  other  sensors  at 
lower  altitude  might  be  required  to  achieve  the 
track  file  accuracy  needed  for  some  BMD 
functions.* 


•Space-based  interceptors  (SBlsI.  fonnerly  called  “spaeebased 
kinetic  kill  vehicles"  (SBKKVl.  which  have  their  own  homing 
aensors.  could  r^Mrate  with  the  resolution  given  by  a  BSTS 
Mnsor. 
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Artist's  corKspt  of  boost  surveillance  and  tracking  system  (BSTS)  satelilte.  During  an  intercontinental  ballistic  missile's 
(ICBM)  boost  phase— which  lasts  up  to  five  minutes  on  some  current  ICBMs  but  which  may  be  much  shorter  on  future 
ones— the  missile's  first-  and  second-stage  engines  emit  intensely  hot  gases.  Space-borne  infrared  sensors  can  detect 
these  plumes.  A  BSTS  sensor  might  monitor,  detect,  and  track  the  rocket  plumes  and  signal  ground-  or  space-based 
battle  management  computers  to  order  attacks  against  the  boosters. 


hides  (PBVs)  against  a  space  background. 
Most  of  the  SSTSs  would  out  of  range  for 
observing  Soviet  ICBM  launches  at  any  given 
time.  Therefore  several  tens  of  SSTS  satellites 
would  be  needed  to  provide  continuous,  redun¬ 
dant  coverage  of  the  missile  fields,  which  also 


Space  Surveillance  and  Tracking  Syst:^ 

For  thdr  equivalent  of  an  SDIO  phase-two 
BMD  system,  all  five  system  architects  pro¬ 
posed  some  type  of  SSTS  at  lower  altitudes 
to  furnish  finer-resolution  missUe  tracking  and 
to  detect  cold  RVs  and  warmer  post-boost  ve- 


would  supply  adequate  coverage  around  the 
world  for  8ubmarine*launched  missiles.* 
Redundancy  would  be  nece-ssary  for  surviva¬ 
bility  and  for  stereo  viewing  of  the  targets. 
These  SSTS  satdiites  might  be  essential  for 
much  of  the  mid-course  battle,  so  some  SSTSs 
must  survive  at  most  locations.* 

The  SSTS  satellites  would  carry  one  or  more 
long-wave  infrared  ILWIR)  sensors  for  track¬ 
ing  the  somewhat  warm  PBVs  and  cold  RVs. 
These  LWIR  tjensors  could  not  detect  RVs  by 
looking  straight  down  against  the  relatively 
warm  earth  background.  Rather,  they  would 
look  only  above  the  horizon,  in  a  conical  or 
“coolie  hat”  pattern  which  would  afford  the 
necessary  cold  space  background  for  the  IR 
detectors.  Thus  each  SSTS  would  monitor  tar¬ 
gets  that  were  far  from  the  satellite.  Those  tar¬ 
gets  closest  to  each  SSTS  would  pass  below 
its  sensors,  undetected;  thq^  would  have  to  be 
observed  by  more  distant  SlSTS  satellites  (see 
figure  4-3).  This  problem  could  be  alleviat^ 
if  sensing  at  other  waveleng^,  e.g.,  in  the  vis¬ 
ible  range,  were  to  be  feasib)'*. 

For  some  missions,  such  as  cueing  DEW  sen¬ 
sors,  the  SSTS  might  include  short-wave  in- 
frar^  (SWIR)  and  medium-wave  infrared 
(MWIR)  sensors  to  track  booster  exhaust 
plumes.  This  would  duplicate  to  some  extent 
the  BSTS  function,  but  with  much  better  reso¬ 
lution.'  Th^  smsors  might  have  limited  fields 
of  view,  so  that  each  SSTS  platform  would  re¬ 
quire  several  IR  sensors  to  cover  all  the 
threats.  These  SWIR/MWIR  sensors  could 
look  down  against  the  Earth  background,  since 
they  would  be  monitoring  the  hot  plumes. 

Several  architects  recommended  placing  la¬ 
ser  systems  (and  some  suggested  microwave 
radars)  on  the  SSTS.  Lasers  might  be  needed 

mortnmi  SDI  studio  h«v®  r«c»min®ndad 

•Alternatively.  pop>up  IR  probee  on  ground'baaed  rocketa 
could  observe  the  midcouree  battle.  These  probes  would  have 
to  be  based  at  high  latirudes  to  get  close  enou^  to  observe 
the  beginning  of  mid-coursc  missile  flight.  Otherwise,  they  could 
be  based  in  the  northem  United  Sutea  io  view  the  UU  mkh 

could  not  achieve  the  pointing  acnir^ 

DEW  satellites;  each  DEW  pUtform  would  have  to  carry  iU 

own  high<resolutKm  optical  sensor.  An  SSTS  conateUation  migh^ 

aid  the  battle  manager  in  designating  targets  for  DEWa. 
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to  designate  or  illuminate  targets  tor  homing 
space-based  interceptors  (SBIs).  Laser  radar 
(Ladar)  systems  might  be  required  for  all  of 
the  interactive  discrimination  systems,  just  to 
determine  the  target's  position  with  sufficient 
accuracy.  This  would  be  particularly  true  for 
tracking  cold  RVs,  which  could  be  pasmvely 
detected  mainly  by  LWIR  sensors  with  inhere 
ently  poor  resolution,*  or  for  discriminating 
and  designating  an  RV  in  the  presence  of 
closely  spaced  object!  (that  often  are  decoys). 
In  any  case,  a  laser  radar  could  supply  the 
range  to  the  target,  which  is  necessary  to  gm- 
erate  three  dimensional  track  files  from  a  ain- 
gle  platform. 


•The  rMohitioB  an|^  of  a  aaDtor  la  diractly  proportkaal  to 

wavctoigth;  long  wavelengtha  such  aa  LWm  product  large  rBa> 

hitioo  spots  in  the  aenaor  focal  plane,  or  la^a  unoMtainty  in 

tbs  targot'a  location.  Therefore  ahortar  wavalangth  lasv  radara 

may  ba  naadad  to  accurataly  matMira  targoi  poaition. 
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The  SST3  nilght  also  carry  some  battle  man¬ 
agement  cfmputers,  since  the  SSTSs  would 
be  above  the  battle  and  to  some  extent  less 
vulnerable  than  lower  altitude  weapons  plat¬ 
forms,  and  because  thev  would  generate  most 
of  the  track-file  information  essential  for  as¬ 
signing  targets  to  weapon  platforms. 

The  SSTS  originally  conceived  by  the  sys¬ 
tem  architects  for  ballistic  missile  defense  now 
appear  too  complicated,  too  exi>ensive,  and 
possibly  too  far  beyond  the  state  of  the  art  of 
sensor  technology  for  deployment  in  this  cen¬ 
tury.  As  a  result,  there  was  some  discussion 
m  late  1986  and  early  1987  of  launching  early 
SBIs  without  any  SSTS  sensor,  placing  mini¬ 
mal  sensor  capability  on  each  SB  I  carrier  ve¬ 
hicle  instead.  There  would  probably  be  no  sen¬ 
sor  capability  enabling  SBIs  to  kill  RVs  in 
mid-course. 

The  phase-one  architecture  submitted  tc  the 
Defense  Acquisition  Board  in  June  and  July 
of  1987  was  vague  about  mid-course  sensors: 
there  was  a  “Midcourse  Sensor”  (MCS)  pro¬ 
gram,  but  no  system  concept.  The  MCS  might 
consist  of  SSTS  sensors,  or  ground-based  sur¬ 
veillance  and  tracking  (GSTS)  rockets  or 
“probes,”  or  SWIR/MWIR  (or  other)  sensors 
on  some  of  the  kill  vehicle  carrier  satellites. 
These  sensors  would  apparently  locate  targets 
for  the  ground-based  exo-atmospheric  reentry 
vehicle  interceptor  system  (ERIS)  interceptors. 
More  recently,  an  MCS  study  proposed  a  com¬ 
bination  of  the  three  sub-systems. 

The  SDIO  ended  development  work  on  the 
original  SSTS  program  and  let  new  contracts 
in  mid-1987  to  design  a  less  complex  SSTS  sys¬ 
tem.  The  classified  version  of  tlus  report  con¬ 
tains  the  range  of  parameters  specified  by  the 
original,  more  comprehensive  system  architec¬ 
tures.  The  new  designs  could  not  by  themselves 
furnish  precise  enough  data  to  direct  SBIs  to 
RV  targets. 

Airborne  Optical  Adjunct  (AO A) 

The  AOA  would  test  technology  for  a  new 
sensor  addition  to  terminal  defensive  systems. 
The  SAFEGUARD  BMD  system,  operated  in 
partial  form  in  the  1970s,  relied  exclusively  on 


large,  phased-array  radars  to  track  incoming 
warheads.  There  were  no  optical  detectors.  The 
resolution  and  range  of  these  ground-based  ra¬ 
dars  was  adequate  (assuming  they  survived) 
to  direct  nuclear-tipped  Spartan  and  Sprint 
missiles  to  the  general  vicinity  of  target  RVs. 
Such  radars  would  not  be  adequate  as  the  only 
guidance  for  the  non-nuclear,  hit-to-kill  vehi¬ 
cles  proposed  for  SDI:  these  interceptors  would 
require  on-board  homing  guidance  systems. 

The  AOA  would  test  LWIR  technology  slm- 
ilar  to  that  in  the  SSTS  program,  but  deploy 
it  on  an  aircraft  flying  over  the  northern  United 
States.  The  senso**  system  has  been  designed 
and  is  being  fabricate.  Above  most  of  the  at¬ 
mosphere,  this  sensor  could  look  up  against 
the  cold  space  background  and  track  RVs  as 
they  flew  through  mid-course.  Resolution  would 
relatively  coarse:  a  follow-up  system  based 
on  this  technology  might  eventuaUy  able 
to  direct  ground-based  radars,  which  in  turn 
would  hand  target  track  data  over  to  high 
speed  hit-to-kill  projectiles.  These  projectiles 
would  derive  their  target  position  from 
on-board  homing  sensors.  The  AOA  aircraft 
might  also  include  laser  range-finder  sptems 
to  supply  accurate  estimates  of  the  distance 
to  each  target— and  possibly  to  discriminate 


PhotQ  cfdft:  Stnfgie  D0f0n99  OrganU*tion 

Airborne  Optical  Adjunct  {AOA) 

In  a  strategic  defence  system,  airborne  sensors  might 
be  used  to  help  idem,  fy  and  track  targets  and  to  guide 
ground-based  interceptors  to  them  The  AOA  will 
validate  the  technology  to  acquire  targets  optically  at 
long  ranges,  and  to  track,  discriminate  ar'd  hand  data 
over  to  a  ground-based  radar.  It  will  also  provide  a  data 
base  that  would  support  future  development  of  air¬ 
borne  optical  systems.  Sensors  have  been  fabricated 
and  tested  and  test  flights  will  take  place  soon.  The 
model  shoWi9  the  sensor  compartment  on  top  and  the 
crew  stations  in  the  interior  of  the  aircraft. 


p 


NtttMMriiiiiiMii 


■  K’ 


79 


decoys  from  RVs  by  measuring  minute  veloc¬ 
ity  changes  caus^  by  drag  in  the  upper 
atmosphere. 

System  architecture  contractors  proposed 
tens  of  AOA-like  aircraft  as  part  of  a  sensor 
system.  Some  proposed  rocket-bome,  pop-up 
probes  with  LWTR  sensors  for  rapid  response 
in  a  surprise  attack  until  the  aircraft  could 
reach  altitude. 

There  is  some  uncertainty  regarding  the  in¬ 
frared  background  that  an  airborne  sensor 
such  as  AOA  would  see.  Sunlight  scattered 
from  either  natural  or  (particularly)  man-made 
"noctilucent  clouds”  might  obscure  the  real 
RV  targets.  These  clouds  form  at  altitudes 
from  60  to  100  kilometers  (km).  F  uring  a  bat¬ 
tle,  the  particles  ablating  from  debris  reenter¬ 
ing  the  atmosphere  would  form  nucleation 
centers.  Long-lived  ice  cry  steds  would  grow  at 
these  centers,  possibly  creating  a  noisy  in¬ 
frared  background  that  would  obscure  the  real 
targi^ts  arriving  later,  intentional  seeding  of 
these  clouds  Is  also  a  possibility.'* 

Ground-Based  Radar  (GBR) 

Large  phased-array,  ground-based  X-band 
(8-12  GHz  frequency)  radars  might  work  in  con¬ 
junction  with  optical  sensors  to  track  and  dis¬ 
criminate  incoming  warheads  from  decoys. 
These  radars  could  receive  target  track  data 
from  those  sensors  and  then  use  doppler  proc¬ 
essing  to  create  a  pseudo-image  of  the  war¬ 
heads  by  virtue  of  their  spinning  motion.  Non¬ 
rotating  decoys  or  decoys  with  different  shapes 
or  rotation  rates  would  produce  different  ra¬ 
dar  signatures. 

Ground-based  radars  would  also  measure  the 
effects  of  the  atmosphere,  identifying  light  de¬ 
coys  that  would  slow  down  more  than  the 
heavy  RVs.  These  radars  might  guide  or  cue 
the  endoatmospheric  HEDI  and  FLAGE-like 
interceptor  rockets  and  the  ERIS  exoat- 
mospheric  interceptors  (see  ch.  5). 


’See  M.T.  Sandford,  II,  A  Review  of  Mesospheric  Cloud 
Physics,  Report  No.  LA-10866  (Los  Alamos,  NM:  Los  Alamos 
National  Labo-itory,  October  1986.) 


The  GBR  concept  very  recently  supplanted 
the  proposed  Terminal  Imaging  Radar  (TIR) 
system  in  SDIO  planning.  The  latter  would 
Imve  had  a  much  shorter  range  (thereby  not 
being  useful  for  cueing  the  ERIS  interceptor) 
and  much  less  resistance  to  anti-radar  coun¬ 
termeasures,  such  as  jamming.  Some  radar 
concepts  call  for  deployment  on  lailroad  cars 
to  evade  enemy  attack. 

Neutral  Particle  Beam  (NPB)  Interactive 
Discrimination 

While  several  interactive  discrimination 
techniques  hav3  been  proposed  (see  section  be- 
tow  on  interactive  discrin^tion),  the  NPB  iq>- 
proach  has  thus  far  received  the  most  atten¬ 
tion  and  development  funds. 

A  series  of  full  space-based  tests  was  ptonned 
for  the  early  1990s,  but  has  been  subjected  to 
budgetary  cutbacks.  A  60-MeV*  NPB  source 
was  to  be  placed  in  orbit  along  with  a  sensor 
satellite  and  a  target  satelLite  to  measure  beam 
characteristics  and  to  begin  interactive  tests. 
The  primary  detection  method  would  be  to 
monitor  the  neutrons  emmitted  by  the  target 
after  irradiation  by  the  NPB,  although  ganuna 
rays,  x-rays,  and  ultraviolet  radiation  might 
also  be  useful  for  indicating  whether  targets 
had  been  hit  by  the  neuoi'al  particle  beam.  The 
NPB  accelerator  might  be  located  1,000  km 
from  the  target.  The  neutron  detectors  might 
ride  on  separate  detector  satellites  closer  to 
targets,  although  they  could  be  collocated  on 
the  NPB  platform  under  some  circumstances. 
A  single  NPB  discrimination  accelerator  sys¬ 
tem  might  weigh  50,000  to  100,000  kilograms 
(kg),  making  it  the  heaviest  element  proposed 
for  a  second-phase  BMD.*  Over  100  NPB  sat¬ 
ellites  and  several  hundred  neutron  detector 


*The  energy  of  a  beam  of  particles  is  measured  in  ''electron 
volts”  or  ”eV,”  the  energy  that  one  electron  would  acquire  trav¬ 
eling  through  an  electric  Held  with  a  potential  of  one  volt.  The 
energy  of  beam  weapon  particles  would  be  so  high  that  it  is 
measured  in  millions  of  electron  volts,  or  "MeV."  One  MeV  is 
equal  to  1.6x10'  joules;  each  particle  carries  this  amount  of 
energ>'. 

'*A  far-term,  robust  BMO  system  mi^t  also  include  /ery 
heavy  directed-energy  wei^ns. 
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platforms  might  be  required  for  a  global  dis- 
crunmation  system.'* 

Sensor  System  Requirements 

Technical  requirements  for  BMD  sensors  are 
diKussed  below  for  each  sensor  function:  sur¬ 
veillance,  target  acquisition,  identification, 
tracking,  and  kill  assessment. 

Surveillance  and  Target  Acquisition 
Requirements 

A  su^eillance  and  target  acquisition  system 
would  have  to  defect  the  launch  of  any  mis¬ 
sile,  either  ground-based  or  submarine-based, 
Md  render  accurate  positional  information  to 
the  BMD  weapon  system.  Some  SDI  weapon 
systems  would  require  very  high  resolution 
sen  wrs.  A  laser  beam,  for  example,  would  have 
to  be  focused  down  to  a  spot  as  small  as  20 
to  30  cm  in  diameter  to  produce  the  lethal  in¬ 
tensity  levels  for  projected  hardened  missiles." 
A  DEW  sensor  must  therefore  determine  the 
missile  location  to  within  a  few  tens  of  cm  so 
as  to  keep  the  laser  focused  on  one  spot  cn  the 
target. 

As  w  illustration  of  what  is  practical  or  im¬ 
practical,  note  that  if  the  sensor  were  placed 
in  geosynchronous  orbit  at  36,000  km,  just  a 
few  sensor  satellites  could  survey  the  entire 
earth.  But  at  this  high  altitude  the  sensor’s 
angular  resolution  would  have  to  be  better  than 
8  nanoradians,  or  one  part  in  125,000,000.'* 


'•Between  100  to  200  flights  of  the  proposed  Advanced  Launch 
^  required  to  Uft  a  full  consteUoUon  of 
100  NPB  discrimmators  into  space.  For  a  discussion  of  the  num- 
TOr  of  ele^nts  in  a  useful  NPB  system,  see  American  Physi&il 
^lety,  ^ence  and  Technology  of  Directed  Energy  Weapons: 

0/  the  American  Physical  Society  Study  Group,  April 
1987.  pp.  152  and  335. 

"For  example,  a  90  MW  laser  operating  at  one  micrometer 
iHin)  wavelength  would  require  a  mirror  as  large  as  10  m  in  di¬ 
ameter  to  achieve  the  very  high  brightness  10"  W/sr)  required 
to  destroy  hardened  (i.e..  able  tc  resist  20  KJ/cm*)  targets.  A 
10  m  mirror  would  would  project  a  20-cm  diameter  spot  at  2,000 
km  w  40  cm  at  4,000  km,  whici)  are  typP  al  ranges  for  the  pro¬ 
posed  directed  energy  platforms.  See  chapter  6  on  directed 
energy  weapons  for  more  details. 

,  to  57.3  degrees;  one  nanoradian  is 

1x10  •  radian  or  tme  billionth  of  a  radian. 


This  high  resolution  is  clearly  bo^ond  the  realm 
of  practical  sensor  systems.'* 

Resolution  improves  directly  witli  reduced 
distance  to  the  target.  Therefore  a  reasonable 
alternative— one  being  examined— would  be  to 
place  many  sensor  satellites  at  lower  altitudes. 
Even  a  constellation  of  sensor  satellites  at  al¬ 
titude?  around  4,000  km  would  not  be  adequate 
for  directed  energy  weapons:  positional  uncer- 
twnties  for  sersor  satellites  combined  with 
vibration  and  jitter  would  preclude  the  trans¬ 
mission  of  target  positior?  to  weapon  plat¬ 
forms  with  10-cm  accuracy.  Therefore  each 
DEW  satellite  would  need  its  own  sensor  to 
provide  the  final  pointing  accuracy.  Sensw  sat¬ 
ellites  might  supply  broad  target  coordinates 
to  each  weapon  platform. 

Homing  kinetic  energy  weapons  (KEW) 
would  require  less  accurate  information  from 
a  remote  sensor:  a  homing  sensor  on  an  SBI 
itself  would  give  the  fine  resolution  needed  in 
the  last  few  seconds  to  approach  and  collide 
with  the  target.  Still,  the  SBI  must  be  fired 
toward  a  small  volume  in  space  where  the  in¬ 
tercept  would  occur  several  hundred  seconds 
after  it  had  been  fired.  The  sensw  system  must 
locate  each  target  in  three  dimanainns 

Target  Identification  or  Diacriniination 
Requirements 

Bostic  missile  defense  (BMD)  sensors 
would  not  only  have  to  detect  missile  launches, 
but  they  would  also  have  to  identify  targets. 
Identification  requirements  would  vary  con- 
siderably  during  missile  flight.  During  the 
^st  phaM,  a  sensor  would  first  diatinpiigh 
between  missile  exhaust  plumes  and  other  nat¬ 
ural  or  man-made  sources  of  concentrated  heat. 
Given  adequate  spatial  resolution,  a  smart  sen¬ 
sor  with  memory  could  separate  moving  mis¬ 
siles  from  stationary  ground-based  sources  of 
heat.  The  Iwation  of  the  missile  launcher  and 
the  missile’s  dynamic  characteristics  (acceler¬ 
ation  and  bum  time  for  each  stage,  pitch  ma- 


^  ****”?**’  ultraviolet  sensor,  which  would  have 

the  best  ^lution  due  to  its  short  wavelength,  would  require 
a  45-m  diameter  mirror  to  achieve  8  nanoradian  resolution. 
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neuver^,  stage  separation  timing,  etc.)  should 
permit  identification  of  n  issile  t3rpe  and  prob¬ 
able  mission.  Eventually  a  low  altitude  sen¬ 
sor  would  have  to  identify  the  booster  body 
(as  opposed  to  the  hot  plume),  eith^  by  geo¬ 
metric  extrapolation  or  by  generating  an  IR 
image  of  the  booster  tank.'* 

The  post-boost  phase  is  more  complicated. 
Most  missiles  carry  a  PBV  or  “bus"  which  may 
include  10  or  more  individual  warheads  in  RVs. 
These  RV«  are  individually  aimed  at  separate 
targets:  the  PBV  maneuvers  and  mechardcally 
ejects  each  RV,  one  at  a  time,  along  a  differ¬ 
ent  trajectory.  A  BMD  sensor  system  might 
detect  heat  from  a  PBV  propulsion  system  as 
it  made  these  multiple  maneuvers.  However, 
PBV  propulsion  energy  is  far  less  than  main 
booster  engine  energy,  making  tracking  (at 
least  in  the  SWIR/MWIR  range)  more  diffi¬ 
cult  in  the  post-boost  phase.  Once  ejected,  cold 
RVs  would  be  even  more  difficult  to  detect  and 
track.'* 

This  reduced  signal  level  could  be  parti^y 
offset  by  arranging  the  sensor  satellite  to  view 
its  targets  against  the  cold  space  backgi  ovaid 
instead  of  the  warm  and  noisy  Earth  back¬ 
ground,  as  in  the  boost  phase.  The  sensors 
would  have  to  look  above  the  horizon,  gener¬ 
ally  limiting  detection  to  distant  targets  over 
the  Earth’s  limb.  Since  detection  becomes  more 
^fficult  at  longer  ranges,  this  above-the- 
horizon  ( ATH)  detection  of  cold  RV s  would  be 
more  difficult  than  sensing  very  hot  booster 
plumes  against  the  earth  backg^und. 

If  the  United  States  deployed  a  BMD  sys¬ 
tem,  Soviet  missiles  would  probably  disperse 
decoys  along  with  nuclear-armed  RVs.  D^ys 
might  be  simple,  aluminum-covered  balloons 
weighing  1  kg  or  less,  or  they  might  be  some¬ 
what  more  sophisticated  decoys  shc^ped  like 

“A  booster  body,  at  300°  K  ia  cold  compared  to  ita  hot  plume, 
but  it  ia  still  warmer  than  the  cool  upper  atmosphere  at  about 

220 '  K.  An  LWIR  sensor  could  therefore  image  the  booster  body 

against  the  Earth  background  at  fairly  kmg  ranges,  using 
wavelengths  which  were  absorbed  by  the  upper  atmo^bere. 

“ICBM  booeters  typically  radiate  millions  of  watts  per  ater- 
adian  (W/srl,  PB  Vs  hundreds  of  W/3,  and  RVs  a  few  W/ar.  (A 
“steri^an"  is  the  measure  of  a  solid  sngle,  defined  as  the  ratio 
of  the  surface  area  subtended  by  a  cone  divided  by  the  square 
of  the  apex  of  that  cons.) 


an  RV  with  similar  infirared  and  radar  signa¬ 
tures.  Simple  decoys  might  be  tether^  to  an 
RV  within  a  few  tens  of  meters:  defensive  sen¬ 
sors  would  then  require  higher  resolution  to 
separate  decoys  and  RVs.  Alternately,  an  RV 
could  be  placed  inside  a  large  balloon,  a  tech¬ 
nique  known  as  “anti-simulation”:  the  RV  is 
made  to  look  like  a  decoy. 

The  most  sophisticated  decoys,  called 
thrusted  replicas  (TREPs)  might  even  have 
propulsion  so  they  could  push  into  the  atmos¬ 
phere  during  reentry  to  simulate  the  heavy 
RV’s  reentry  characteristics.  The  total  post¬ 
boost  and  mid-course  threat  cloud  could  con¬ 
tain  something  like  10,000  RVs,  hundreds  of 
thousands  of  decoys,  and  thousands  of  burnt- 
out  rocket  stages  and  PBVs,  all  travding 
through  space  at  7  lun/s.  In  the  same  trajecto¬ 
ries  might  be  literally  millions  of  fragments 
from  boosters  destroyed  by  SBIs  in  the  boost 
and  post-boost  phases.'* 

In  principle,  a  BMD  weapons  system  could 
fire  at  all  of  these  objects,  but  the  costs  would 
be  prohibitive.  Therefore  the  sensors  for  a 
second-  or  third-phase  BMD  system  with  mid- 
course  capability  would  have  to  discriminate 
effectively  between  RVs  and  the  many  dwoys 
and  debris. 

In  the  post-boost  phase,  there  would  be  some 
basis  for  discrimination.  A  sensor  could,  in  the¬ 
ory,  monitor  PBV  motion  during  deployment 
of  RVs  and  decoys.  Decoys  would  pr^uce  less 
PBV  motion  than  the  heavier  RVs  as  they  were 
ejected  from  the  PBV.  This  distinctive  morion 
might  be  detected,  assuming  that  the  Soviets 
did  not  cover  the  PBV  with  a  shroud  to  con¬ 
ceal  the  dispersal  of  decoys,  or  that  th^  did 
not  appropriately  alter  the  thrust  of  the  PBV 
as  its  RVs  Aspersed. 

In  the  mid-course  phase,  discrimination 
would  become  even  more  difficult.  All  the  ob¬ 
jects  would  tr  avel  together  in  a  ballistic,  free- 
fall  flight.  Light  decoys  would  not  be  slowed 
down  by  atmospheric  friction  until  they  de¬ 
scended  to  the  100-150  km  altitude  range— 
the  same  altitude  range  that  constrains  dqploy- 

fklptiw  10  for  detail*  on  countermeasarM  to  BMD. 


Photo  croait:  U.S.  Dofurtmont  of  Dofonoo 


COBRA  JUDY  Radar 

A  new  radar  had  been  developed  and  Installed  on  the  COBRA  JUDY  ship.  This  Improves  the  capability  of  the  U.S.  for 

making  measurements  on  reentry  vehicles  In  flight. 


ment  of  rising  decoys  in  the  post>boost  phase. 
If  decoys  had  the  same  signatures  or  charac¬ 
teristics  of  RVs  as  seen  by  conventional  in¬ 
frared  and  radar  detectors,  then  conventional 
discrimination  of  RVs  from  decoys  would  be¬ 
come  extremely  difficult.  Mid-course  discrimi¬ 
nation  is  one  of  the  most  crucial  challenges  fac¬ 
ing  the  SDI  technology  development  program. 

The  BMD  Lsenscrs  would  also  have  to  detect 
and  track  defense  suppression  threats  such  as 
direct-ascent  anti-satellite  (DAASAT)  missiles 
or  space-based  ASATs  v/hich  might  attack 
BMD  defensive  assets  in  space.  The  sensors 
should  therefore  keep  track  of  all  of  the  BMD 
weapons  platforms  in  a  given  battle  space,  al¬ 
lowing  the  battle  manager  to  determine  which 
objects  were  likely  targets  and  which  weap¬ 
ons  should  engage  the  threat. 

Target  Tracking  Requirements 

Passive  IR  sensors  on  a  single  BSTS  or 
SSTS  satellii  i'  ..ould  only  measure  the  target 
position  in  two  angular  coordinates.  Each  tar¬ 
get  must  be  locat^  in  three  dimensions  to  al¬ 


low  the  battle  management  computer  to  cal¬ 
culate  the  expected  collision  point  of  weapon 
and  target. 

Three  techniques  could  furnish  three  dimen¬ 
sional  data:  stereo  imaging,  ranging,  or  ballis¬ 
tic  trajectory  prediction  (see  figure  4-4).  Two 
or  more  separated  sensor  satellites  could  gen¬ 
erate  stereo  data.  This  would  require  a  com¬ 
puter  to  correlate  data  fi-om  multiple  sensors 
and  could  become  very  complicated  with  40 
or  50  sensors  generating  data  from  thousands 
or  hundreds  of  thousands  of  targets. 

Alternatively,  a  laser  range-finder  and  a  pas¬ 
sive  IR  two-dimensional  imager  together  on 
one  satellite  could  generate  th^  dimensional 
information.  A  laser  range-finder  would  deter¬ 
mine  the  distance  to  the  target.  With  a  direct, 
one-to-one  correlation  between  two  target  an¬ 
gles  from  a  passive  sensor  and  a  third  range 
coordinate  from  a  laser,  computational  require¬ 
ments  would  be  reduced  by  eliminating  the 
need  to  correlate  data  from  separate  platforma 

Finally,  for  objects  traveling  in  space  on  i 
ballistic,  fiee-fall  trajectory.  Holer’s  equations 
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Figurt  4-4.- Illustration  of  Thrss  Tsehniquss  for  Estimating  ths  Thras-Dtensnslonat  Position  of  a  Targst  In  Spacs 

Stefao  viewing  tfl  engle/anQle  plot  range  finder 


Ballistic  trajectory  estinriation 
(from  one  passive  sensor) 

TimeT4  TimeT-2  TimeT-1 


IR  sensor 


In  the  first  view  Sensor  A  could  not  distir^gutsh  between  Target  #  1  and  Target  #2  Stereo  viewing  from  two  or  more  separate  satelfites  wHh 

passive  IR  sensors  eliminate  this  ambiguity  Relatively  coT^icated  software  is  required  to  correlate  data  from  each  sensor.  The  other 
two  techniques  can  predict  Ihiee  dimensiorjal  information  from  one  platform,  eliminatirg  the  requirement  for  multiple  sateHita  sensor 

data  correlation:  a  laser  range  finder  determines  the  range  or  distance  to  a  target  by  measuring  the  travel  time  for  a  pulse  of  light  from  the 

platform  to  the  target  and  back,  uniqi^  determining  position  with  one  measurement.  The  ballistic  trajectory  prediction  approach  uses 
only  the  passive  IR  sensor,  but  requires  three  or  more  measmements  at  different  times  to  compute  the  ta^'s  path  through  space. 
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of  motion  may  be  applied:  a  passive  sensor 
could  determine  the  path  of  an  RV  in  three 
dimensions  by  measuring  its  two-dimensional 
position  three  or  more  times.  This  trajectory 
prediction  approach  requires  more  time  (hun¬ 
dreds  of  seconds)  to  build  up  an  accurate  track: 
this  would  be  adequate  for  the  mid-course 
phase.  It  would  require  more  data  storage  and 
processing  than  the  laser  range-finder  tech¬ 
nique,  but  only  one  passive  sensor. 

Kill  Assessment  Requirements 

Sensors  would  also  have  to  determine 
whether  a  missile  or  RV  had  been  disabled  or 
destroyed.  Missed  targets  would  have  to  be 
retargeted,  and  disabled  targets  should  be  ig¬ 
nored  throughout  the  remainder  of  the  battle. 
Kill  assessment  should  be  straightforward  for . 
most  KEW  projectiles,  since  their  impact 
would  smash  targets  into  thousands  of  pieces. 
However,  some  SBIs  might  partially  damage 
a  boostei  by  clippi'^g  a  non-critica!  edge,  leav¬ 
ing  the  bulk  of  the  missUe  intact.  In  this  case 
the  sensor  might  judge  a  missile  “killed”  if  it 
veered  sufficiently  off-course  to  a  non-threat¬ 
ening  trajectory. 

Damage  to  targets  attacked  by  laser  or  par¬ 
ticle  beam  v'eapons  might  be  more  difficult  to 
diagnose.  A  laser  beam  might  conceivably  bum 
through  a  critical  component  without  detect¬ 
able  damage,  yet  divert  a  missile  from  its  in¬ 
tended  course.  More  likely,  the  laser  would  dis¬ 
integrate  the  missile  body,  which  is  highly 
stressed  during  acceleration— as  demonstrated 
by  a  ground-based  high-energy  laser  test  at  the 
White  Sands  Missile  Raiige.'^ 

Damage  due  to  particle  beams  or  electron 
beams  might  be  more  difficidt  to  detect.  Neu¬ 
tral  particle  beams,  for  example,  might  pene¬ 
trate  several  cm  into  a  missile  or  RV,  destroy- 

‘The  niid-range  uifrared  advanced  chemical  laser  IMI AACU 
at  White  Sands  Missile  Range  in  New  Mexico  was  aimed  at 
a  strapped-down  Titan  missile  second  stage.  The  missile  was 
mechanically  loaded  with  60  psi  of  nitrogen  gas  to  simulate  the 
4-g  load  and  propellant  conditions  that  it  would  experience  in 
an  actual  flight.  After  approximately  2  seconds  of  exposure  to 
the  laser  beam,  which  had  a  power  greater  than  1  megawatt, 
the  Titan  booster  completely  ruptured,  shattering  into  hragmrats 
as  heating  of  a  roughly  1  m’  area  destroyed  the  mechanical  in¬ 
tegrity  of  the  booster  skin. 


ing  critical  electronic  components  without  any  | 

apparent  external  damage.  An  RV  might 
effectively  “killed”  with  respect  to  its  mission 
at  much  lower  particle  beam  energy  than  that 
necessary  to  show  detectable  damage. 

On  the  other  hand,  NPB  system  designers 
could  increase  particle  beam  fluence  to  levels 
that  would  assure  electronics  destruction  (say 
50  joules/gram  (J/g)— only  10  J/g  destroys 
most  electronics)  as  long  as  the  target  were 
hit.  Kill  assessment  would  then  become  “hit 
assessment”:  if  the  beam  dweUed  on  the  tar¬ 
get  long  enough  to  impart  50  J/g,  then  the  elec¬ 
tronics  could  be  judg^  “killed.”  With  this  ap¬ 
proach,  NPB  weapons  would  be  e^ectively 
lethal  at  lower  energy  levels  than  that  needed 
for  melting  aluminum  or  causing  structural 
weakness  (500  to  1,000  J/g).  Relying  on  this 
indirect  kill  assessment  would  require  confi¬ 
dence  that  the  Soviets  had  not  sUelded  criti-  i 
cal  internal  electronic  components  fi'om  NPB  | 

radiation.  | 

I 

t 

I 

Table  4*1.-~Sumniary  of  Typical  Sensor  Requirements  | 

Global 

ICBM’s,  SLBM's,  direct  ascent 
ASAT's,  space  mines,  and  one's 
own  BMD  assets,  including  all 
sensor  and  weapons  satellites 
and  launched  SBIs 

Target  Dlserimlnatton: 


Boost  Phase . ICBM/SLBM/DANASAT 

Post-boost  &  mid¬ 
course  . PBV,  RV,  light  decoy,  replica, 

thrusted  replica,  &  debris 

Terminal . RV  &  thrusted  replica 

Tracking: 

Targets . ICBM's  1,400-2,000 


SLBM’s  1,000-1,500 

'  DANASAT's:  1,000-16.000 

PBV’s  2,400-3.000 

RV’s  8.000-15,000 

Decoys  hundreds  of  i 

thousands  | 

Track  file . position,  velocity,  &  acceleration  in  i 

3-0  i 


Klil  aaaaaamani: 


KEW . destruction 

Laser . destruction 

NPB  . . . hit  assessment  or  other 


SOUaCE:  Offict  of  Tschnologf  AtMStm«nt.  1S86. 


SurvaUianca: 
Coverage  . . . 
Targets . 
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I  Sensor  Technology 

I  Three  types  of  sensws  might  satisfy  portions 

I  of  these  BMD  requirements:  passive,  active, 
I  and  interactive.  Passive  sensors  rely  on  natu* 

I  ral  radiation  emitted  by  or  reflected  horn  the 

I  target.  Active  sensors,  such  as  radars,  il¬ 

luminate  the  target  with  radiation  and  detect 
the  reflected  signal.  “Interactive  sensors”  (a 
j  term  unique  to  the  SDI)  would  use  a  strong 
beam  of  energy  or  cloud  of  dust-like  particles 
to  perturb  targets  in  some  measurable  way 
(without  necessarily  disabling  it)  so  that  RVs 
]  I  could  be  discriminated  from  decoys.  For  ex- 

I  I  ample,  the  cloud  might  slow  down  light  decoys 

i  I  much  more  than  heavy  RVs,  or  penetrating 

particle  besins  might  create  a  burst  of  neutrons 
I  or  gamma  rays  from  RVs  but  not  from  balloons. 

i,  Paseive  Seniors 

f  How  Passive  Sensors  Work.— Passive  sensors 

detect  military  targets  either  by  measuring 
their  natural  emission,  or  by  detecting  natu¬ 
ral  light  reflected  from  the  targets.  A  typical 


Photo  credit.  US  OepartrDent  of  Defense. 
Strategic  Deferyse  Initiative  Organization 


Infrared  image  of  the  mocn  from  SDIO's  Delta  181 
experiment.  That  experinent  took  measurements  of  a 
rocket  booster  and  other  objects  in  space  to  gather 
information  about  the  kinds  of  sensora  that  would  be 
needed  in  a  spacrt*based  ballistic  missile  defense 
system.  This  may  b3  the  first  long  wa^n  infrared  image 
acquired  .rcm  a  platform  In  space. 


sensor  is  similar  to  an  ordinary  camera.  An  op- 
tical  element  (the  lens)  forms  on  image,  and 
a  light  sensitive  surface  records  that  image  (the 
film). 


In  BMD  infrared  sensors,  the  optical  lens 
would  be  replaced  by  a  system  of  reflecting  mir¬ 
rors  and  the  camera  film  by  an  array  of  dis¬ 
crete  optical  detectors  in  the  focal  plane  which 
convert  the  optical  image  into  electronic  sig¬ 
nals  for  imme^ate  computer  processing.  Many 
detectors  are  required  to  record  a  detailed  im¬ 
age.  In  a  sense  each  detector  substitutes  for 
one  grain  of  photographic  film.  Some  sensors 
use  a  stationary  two-dimensional  “staring”  ar¬ 
ray  of  detectors,  in  direct  analogy  to  photo¬ 
graphic  film.  Others  mechanically  scan  the  im¬ 
age  across  an  array  of  detectors  that  may  be 
either  two-dimensional  or  linear. 


Infrared  Sensors.— Ordinary  photographic 
cameras  record  the  visible  light  reflected  from 
a  scene.  For  BMD,  the  IR  energy  emitted  by 
the  target  (particularly  the  hot  exhaust  gases 
ejected  from  a  missile  booster  engine)  is  a  bet¬ 
ter  source  of  information.'*  The  sensor  images 
the  infrared  radiation  from  the  target  and  back¬ 
ground  onto  a  photosensitive  array  of  detec¬ 
tors.  These  detectors  generate  a  series  of  elec¬ 
trical  signals  that  are  processed  by  computers 
to  detect  and  track  the  target. 

There  are  three  distinct  target  classes  for  the 
BMD  mission:  missiles  with  their  rocket  en¬ 
gines  firing,  post-boost  vehicles  with  much 
lower  power  engines,  and  cold  objects  such  as 
RVs  and  decoys  in  space.'*  Each  t)rpe  of  tar¬ 
get  demands  different  IR  sensors.  Hot  exhaust 
gas  from  a  booster  engine  radiates  primarily 
in  relatively  narrow  bands  of  short  wavelength 
IR.  The  exact  wavelength  of  this  radiation  is 


‘•AU  objectf  with  a  temperature  above  absolute  aero  ( -273 
Cl  emit  energy  in  the  form  of  electromagnetic  waves,  such  as 
light  waves,  infrared  waves,  microwaves,  etc.  For  example,  the 
human  body  continuously  radiates  infrared  waves.  To  an  in¬ 
frared  camera,  we  all  “glow  m  the  dark”:  our  bodies  would  be 
recorded  on  infrared  film  as  a  group  of  “hot  spots."  even  if  the 
picture  were  taken  in  absolute  darkness.  Similarly,  any  target 
emits  energy  which  can.  in  principle,  be  detected  with  appro¬ 
priate  sensors,  |Mt)vided  only  that  the  target  is  wanner  (or  oolderl 
than  the  background  scene. 

‘•The  RVs  do  heat  up  from  friction  as  they  enter  the 
atmosphere. 
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d^^trrminrd  by  the  particular  gaa  constituents. 
The  primr.ry  emission  bands  for  gas  plumes 
are  near  the  water  vapor  and  carbon  dioxide 
lines  at  2.7  micrometers**  Un  the  short  wave 
IR  or  SWIR)  and  at  4.26  am  (in  the  middle 
wave  IR  or  MWTR).»» 

Other  specific  radiation  lines  may  help  iden¬ 
tify  sf»me  Soviet  booster  plumes:  this  will  be 
investigated  in  the  SDI  research  program. 
These  plumes  radiate  hundreds  of  thousands 
to  millions  of  watts  per  steradian  (W/sr)  of 
energ>\  Post-boost  vehicles  also  have  propul¬ 
sion  systems,  but  their  smaller  motors  radi¬ 
ate  only  hundreds  of  W/sr. 

Reentry  vehicles  remain  near  •'room  temper¬ 
ature"  (20  ■  C  or  293 Kl  In  mid-courae,  until 
they  are  heated  by  the  Wction  of  the  atmos¬ 
phere  on  reentry.  The  maximum  radiation  for 
room  temperature  objects  is  near  10  am  in  the 
LWIR.  Infrared  detection  of  RVa  is  difficult 
because  of  their  low  level  of  radiation  (traically 
a  few  W/sr)  and  poor  contrast  against  toe  earth 
background.  That  is,  the  earth  is  also  near 
"room  temperature,"  with  strong  emission  in 
the  lO-am  band.  An  IR  sensor  cannot  “see" 
a  red  target  against  a  red  background.  The  sen- 
.sor  would  generally  have  to  wait  until  the  tar- 
gi't  K  V  was  above  the  horizon  to  view  it  against 
the  cold  (4 K)  temperature  of  space.  The  sen¬ 
sor  system  would  also  have  to  filter  out  the 
I R  energy  from  planets  or  bright  stars  in  the 
field  of  view.” 

'^he  technical  feasibility  of  detecting  rela¬ 
tively  cold  RVs  against  a  space  background 
was  demonstrated  on  June  10. 1984,  when  an 
LWIR  sensor  on  board  the  Army *8  Homing 
Overlay  Experiment  (HOE)  missile  success¬ 
fully  detect^  a  simulated  RV  over  the  Pacific 


••On#*  mifrofneiff  Uml  U  out  millkmUi  (10'  *1  of  •  mour. 

"  Atmonplwric  waUr  vapor  and  carbon  dioxkfe  attmuata  inort 
of  thr  IR  radiation  from  a  miaaila  plume  in  the  early  ataKM  of 
fliifht  Howrver.  the  higher  temp^ature  and  preaeure  of  the 
water  and  O ),  in  the  plume  prrjdooe  a  broader  I R  spectrum  than 
the  atnios^^henc  absorption  bands  Infrared  enerity  will  there- 
fore  leak  throui^  on  both  tidea  of  the  2.7  and  4.3  am  Unoa.  even 
from  rockeU  cloae  to  the  aurface  of  the  Earth. 

»*The  Air  Force  has  uaed  a  atar  aa  the  “targK  *  for  toaU  of 
the  U  S.  F15  launched  ASAT,  which  uaaa  a  LWIR  aenaor  to 
home  on  ita  target. 


Ocean."  The  senior  guided  the  HOE  projec¬ 
tile  into  a  coli;«>’'«n  course,  destroying  a  target 
launched  earlier  from  V andenb^g  AFB  in  Cali¬ 
fornia.  This  test  demonstrated  an  ability  to  de¬ 
tect  and  t.*8cli  a  single  approaching  RV  in  space 
at  relatively  close  range.  (The  initial  HOE  nrus- 
sile  trajector>-  was  specified  by  radar  signals 
from  Kwajalein  until  the  missile  LWIR  sen¬ 
sor  could  acquire  the  target.) 

Tracking  thousands  of  RVs  and  possibly 
hundreds  of  thousands  of  decoys  with  space- 
based  sensor  satellites  from  distances  of  S.OCX) 
to  10,000  km  would  be  more  challenging,  par¬ 
ticularly  if  the  RVs  were  encapsulated  in  bal¬ 
loons  and  decoy  balloons  were  tied  (tethered) 
togethw  or  to  an  RV. 

Three-Cofor  Infrared  Seneore.— Depending 
on  the  offense’s  countermeasures,  discrimina¬ 
tion  of  RVs  from  decoys  might  be  improved 
if  the  object  temperatures  could  be  roeaaured 
accurately.  Long-wave  IR  aensoTB  that  detMt 
one  narrow  wavelength  band  cannot  determine 
temperature.  That  is.  a  warn  object  with  low 
IR  emissivity"  could  produce  the  sme  ra^- 
ance  at  one  wavelength  as  a  cooler  object  with 
high  emissivity,  as  illustrated  in  figure  4-6. 
However,  the  shape  of  the  blacklx^y  (non¬ 
reflecting  object)  radiation  curve  aa  a  function 
of  wavelength  is  distinct  for  objects  at  differ¬ 
ent  temperatures.  This  suggests  that  two  w 
more  LWIR  sensors  operating  at  differont 
wavelength  bands  within  the  8-  to  24-/tm 
gion  could  estimate  the  temperature  of  space 
objects,  independent  of  their  general  emis- 
aivities. 

Most  SDI  architects  recommended  three- 
color  LWIR  detectors  to  measure  energy  in 
thm  separate  wavelength  bands  or  ‘’colors.” 
Note  that  this  complicates  sensor  design  and 

■n'oplac*  thi,  rapariniMt  p,n|McUv<».  it  dtookl  b«  netad 
that  this  RV  wu  (isnilicuiUy  brighUr  than  the  radianca  ax- 
parted  from  rtirrant  RVa.  while  the  Sovieta  may  take  atapa  to 
furthM*  reduev  IR  emtsftiont. 

•Tlw  emisjiivity  of  any  ohjact  indicates  Ita  ability  to  radiavs 
energy.  F.mijmivity  is  defini^  aa  the  ratio  of  the  energy  radi¬ 
ated  at  any  wavelength  to  the  ai^tount  of  energy  radiated  by 
a  perfect  btackbody  at  tha  aame  temperature.  (A  "bUckbody** 
absorba  all  energy  reaching  ita  eurface.l  Thua  an  object  with 
low  emiaaivity  will  radiate  leas  energy  than  a  Higher  emiaaivity 
object,  even  though  they  are  both  at  tha  aame  temperature. 


On*  iwm  MPW  w***t*<ng  only  tw  10  mlwon  tnai^f  moJd 
>*corOrwMn>,  MgnalinMKiMytortxMMBfgMi.twycoiMnolb* 
clMrvM^  'f>'*  <Wl»>*ni  lwnp*r»>uf**  c*n  b*  ducud  by 
•ddvig  •  Mcond  color  m*c*u(*tt«nl  ai  •  iMcron*.  rMaato 
*****  g*  **  >*  0*  t<*  «p*ctil  ■wbiiar  TTx*  rniir 

L«MI1  Mnrvt  «r*  I  Mmmanbtd  tot  Mn  b*Mr  iHTiparaM*  dt*- 

omynaaonuBaMiy. 

construction.  Each  "pixel'*  must  be  measured 
by  three  different  detector  elements.  Detector 
manufacturing  and  signal  processing  tasks  are 
increased. 

Cooling. — If  an  LWIR  camera  were  operated 
at  room  temperature,  then  the  entire  camera 
enclosure  would  radiate  LWIR  energy  and  fog 
the  film  or  saturate  the  IR  detectors  with  noise. 
Sensitive  IR  cameras  must  therefore  be  cooled 
to  reduce  stray  radiation.  In  particular,  the  mir¬ 
rors  that  form  the  I R  image  must  usually  be 
cooled  to  keep  IR  noise  generated  by  mirror 
radiation  small  compared  to  other  background 
radiation.  Cooling  further  complicates  the  task 
of  building  large,  light-weight  mirrors  for 
space-based  sensors.  'The  degree  of  cooling  nec¬ 
essary  depends  on  the  temperature  and  radia¬ 
tion  levels  of  the  expected  targets. 

Some  detectors  themselves  must  also  be 
cooled— typically  to  the  range  from  4  ®  K  to  78  * 
K— to  reduce  the  self-generated  thermal  noise 
that  would  mask  photon-generated  signals 
from  targets  of  interest.  One  key  SDI  task  is 
therefore  to  develop  space-qualified  cryogenic 
coolers  that  could  operate  for  many  years  in 
space.  The  current  goal  is  to  reach  life-times 


Cnreeool*r  tor  spae*  sppNcaltoo*.  Many  el  lb* 
acivancad  "haatOalacilnfl"  Inirarad  aanaort  nacaaaary 
lo  klantiry  and  track  mKtiiaa  and  warbaadi  in  apaca 
muat  b*  coolad  to  arodt  proparty .  Spactal  raf  rigaralors 
eailad  cryocoolara  would  produc*  lb*  naadad  vary  tow 
lamparaturat.  Cryocoolar  HI*,  raliabHIty,  md  partoim. 
one*  axparimanta  daalgnad  lo  damonairal*  lb*  abiHty 
to  cool  tong-wav*  Inirarad  datactort 
Itov*  baan  oonductad. 


of  7  years,  and  at  least  one  t3rpe  of  cryogenic 
refrifrerator  has  demonstrated  this  ability  in 
accelerated  life  tests.” 

UV/Visible  Sensors.— Some  SDI  contractors 
have  proposed  the  use  of  visible  or  even  ultra* 
violet  (UV)  sencors.  primarily  to  achieve  tet¬ 
ter  resolution  with  realistic  optics  dimen¬ 
sions.”  For  example,  a  28-cm  diameter  UV 
minor  at  0.3  ^  could  achieve  the  same  reso* 
hition  as  a  400-cm  (4-m)  diameter  mirror  operat¬ 
ing  at  4.3  fon.  However,  this  gain  is  not  free: 
reducing  the  wavelength  increases  the  fabri¬ 
cation  difficulty*  Mirrors  must  be  polished  to 
within  one-tenth  to  one-twentieth  of  the  oper¬ 
ating  wavelength.  Thus  an  MWIR  mirror  at 
4.3  ^  must  te  polished  to  within  at  least  0.43 
/on  of  the  prescribed  surface  figure,  while  a  UV 
mirror  must  te  polished  to  an  accuracy  of  0.03 
^m  or  tetter. 

**Hughm  Aircraft  hasdamocuUat^d  operation  of  •  magnetic 

gaa  cooler  lyatcm  with  an  aocekrated  teat  atmulating  7  yean  life. 

••The  reacrfuUon  of  a  aenaor  is  limited  by  diffraction  apread* 
ing  of  the  optical  image.  Thia  diffraction  spreading  it  propor- 
twoal  to  the  wavelength  of  light  used  to  form  the  image;  shorter 
wavelengths  produce  less  image  spreading,  yielding  better  reac- 
lutioo  or  ahtfper  Images. 


Visible  or  UV  sensors  might  detect  energy 
from  rocket  plumes,  although  the  visible  radi¬ 
ation  from  ljquid-ft:cled  missiles  is  minimal. 
The  atmosphere  attenuates  UV  bc’low  an  alti¬ 
tude  of  a  few  tens  of  km,  but  a  post-boost  ve¬ 
hicle  propulsion  system  may  generate  ade¬ 
quate  UV  radiation.  To  see  RVs.  however, 
these  sensors  would  have  to  rely  on  the  reflec¬ 
tion  of  natural  radiation  (sunl-ght.  moonlight, 
or  Earthligl.tl.  Alternatively,  they  could  be 
used  in  an  active  mode  with  a  laser  designator 
iUuminatmg  the  target  (see  next  section). 

Current  Status  of  Passive  Sensors.— Passive 
infrared  senate's  operate  today  in  early  warn¬ 
ing  satellites.  A  few  satellites  at  geosyn¬ 
chronous  orbit,  some  36,000  km  above  the 
earth,  monitor  the  entire  globe,  searching  for 
missile  launches  from  the  ^viet  land  mass  or 
from  the  oceans.  Several  heat-seeking  tactical 
missiles  such  as  the  air-to-air  Sidewinder  and 
the  ground-to-air  Maverick  missile  also  employ 
infrared  sensors.  This  same  sensor  technology 
supplied  the  terminal  guidance  for  two  success¬ 
ful  space  hit-to-kill  experiments;  the  anti- 
satellite  (ASAT)  experiment  in  which  a  mis¬ 
sile  fired  from  an  F-15  aircraft  destroyed  a  sat¬ 
ellite  in  space  and  the  Homing  Overlay  Ex¬ 
periment. 

Today's  operational  infrared  sensors  have 
relatively  small  optical  systems,  typically  20 
cm  or  less  in  diameter,  and  focal  plane  arrays 
of  a  few  thousand  detectors.  Most  detectors 
are  fabricated  from  bulk  silicon  and  could  not 
survive  in  a  nuclear  environment.  Relatively 
few  large  detector  arrays  are  built  each  yar. 


and  the  United  States  does  not  yet  have  the 
manufacturing  technology  to  build  large  ar¬ 
rays  economically. 

Key  Issues  for  Passive  Sensors.— This  report 
has  identified  five  key  issues  for  passive  sen¬ 
sor  tet'hnology  development  (see  table  4-1). 
While  driven  by  the  space-based  system  re¬ 
quirements,  titese  same  sensor  functions  would 
required  for  effective  ground-launched 
weapons  systems.  Whether  the  sensors  rode 
on  airborne  or  space-based  platforms,  these  is¬ 
sues  would  have  to  be  resolved  to  produce  a 
robust  BMD  system. 

Mirror  Size.'- A  wenaor  system  mirror  must 
be  large  to  collect  enough  energy,  to  resolve 
closely  spaced  objects,  and  to  accurately  di¬ 
rect  weapons  systems  (see  box  4-A).  The  mir¬ 
ror  size  needed  is  determined  by  aeneor  oper- 
ating  wavelength,  distance  to  target,  and 
target  positional  accuracy  required  by  the 
weapon  system.  The  resolution  of  any  optical 
system  is  given  approximately  by  the  wave¬ 
length  divided  by  the  diameter  of  the  aperture 
multiplied  by  the  range. 

laical  mirror  sizes  for  adequate  spot  reso¬ 
lution  from  a  passive  sensor  at  3,000  km  alti¬ 
tude  are  shown  in  figure  4-6."  To  provide  ade¬ 
quate  aiming  information  to  homing  kinetic 
energy  weapons,  sensor  resolutions  ^m  10  m 

4-6  MsumM  •  perfect,  diffractioD  limJtad  optical  tyt* 
iu. .  In  praclict  other  fartort-auch  aa  vibration,  imp^ect  mir 
ror  quality,  and  thermal  diatortiona-would  degrade  raaohition. 
TniA  figure,  therefore,  repreaents  the  minimum  allowable  mir¬ 
ror  atse  for  a  spot.  Tracking  reaolutioa  may  only  raquirt  mir¬ 
rors  a  fa^*tor  of  10  smaller,  as  noiad  in  tha  text 
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Box  4-A.--S«iM>r  Rmolutioo  Limits 

The  resolution  of  any  electromagnetic  sensor  detector  element  in  this  array  must  be  equal  to 
(or  ability  to  separate  two  closely  spaced  ob-  or  preferably  smaller  than  the  optical  resolution 

j  jectsl  is  limited  by  two  factors:  diffraction  and  size  to  proscr\^e  the  diffraction-reooluUcn  of  the 

detector  element  size.  The  image  formed  by  the  figure  in  the  electron :  signal.  If  the  detector  ele- 
sensor  c^>tics  cannot  faithfully  i**produce  the  ao  ments  are  too  large,  then  they  will  further  limit 
tual  scene.  An  infinitesimally  small  point  in  the  the  system  resolution. 

^cne  wiU  have  a  finiu.  aiw  in  the  itna^  due  to  por  a  fixed  field  of  view.  as  the  distance  be- 
diffracuon  or  spreading  of  the  light  beam  This  the  scene  and  the  sensor  increases,  ^n 

**^7!?*^^*t”*^*i?^*^*^^»*^*****'****^^^^'®"  detector  element  covers  a  larger  area  in 

^  hmit  the  useful  range  of  any  aensor  as  sh  jwn  the  resolution  decreases  with  range,  the 

in  figure  4-6a.  dependence  as  diffraction  spreading  of  the 

The  optical  system  projects  an  image  of  the  optical  image, 
scene  onto  the  detector  array.  The  aiic  of  each 

Wgura  ♦ga.-DlWractlon-Umllad  Banga  ngure4-4t).- Range  UmRed  by  Number  of 

lOr  ivnHwviw  ifWDiuiion  iMCvcmn  lor  l■n*wMlQr  iPwomiiDn 


Numbof  of  diWelof  ofwnwMi 


Sonsor  rongo  m  •  funetton  of  mirror  diamotor  to  pfoduco 
a  lOmfftar  rtaoiution  aiamant  at  the  targat.  for  thraa  dlffar- 
ant  Mfiveiength  aansors.  Two  point  targets  separated  by 
to  meters  at  these  ranges  could  Just  be  resolved  by  mir* 
rors  of  these  sixes. 


Rai  ign  of  LWIR  sensors  at  llmitao  by  tha  number  of  de¬ 
tector  elements  In  the  focal  plant  array.  The  staring  ar¬ 
ray  Is  a  fixad,  two-dimensional  array  with  a  20 ** 
flald-of  vlaw.  The  scanning  array  covers  a  10*  by  960* 
**cool{a  har  pattern,  with  10  rows  of  elements  scanning 
aach  point  In  tha  imaga.  Both  arrays  datact  threa  diffar- 
ant  LWIR  bands.  The  scanning  array  could  uaa  Just  on# 
row  of  detector#  to  sweep  out  the  Image.  However,  to  Im¬ 
prove  iignal-to-nolae  ratio,  moat  dealgna  utIMxe  more  than 
one  row  and  **tlma  delay  and  Intagrata*'  (TDI)  circuits  to 
average  the  signals  from  many  rows. 


up  to  1  km  may  be  adequate,  depending  upon 
tne  sensors  and  the  divert  capability  of  the  in¬ 
terceptor.  As  shown  in  figure  4-7,  mirrors  of 
1-m  diameter  or  less  are  adequate  for  any  visi¬ 
ble  or  IR  wavelength.  Furthermore,  a  1-m  mir- 
Tor  operating  at  2.7  ftm  would  yield  10-m  tui^ 
get  accuracy  from  3,000  km.** 

*Tha  primary  water  vapor  stnissioo  Kna  from  nm-NiWaihaiist 
phiraaa  is  at  2  7  lan. 


Track  resolution,  however,  imposes  a  less 
stringent  .*equireroent  than  the  spot  resolution 
for  a  single  “look.”  Data  from  many  “looks’* 
can  be  combined,  using  statistical  techniques, 
to  achieve  up  to  a  tenfold  improvement.  There¬ 
fore,  propi^onately  smaller  mirrora  are 
needed  for  predicting  tracks. 

Directed-energy  weapons  would  require 
much  better  resolution  than  SBIa,  since  they 
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Figurt  47.-- Mirror  SIzt  Plottod  v.  tho  Optrating 
Wavtlar>gth  of  •  Santor  Sytttm 


0  4  07  VO  100 


visaf« - m  » 

Mirror  tift  pK>tttd  v  1h«  op«r«tirtg  wawttngth  of  th«  ionsor 
ftystem.  assuming  a  3.000  km  range  to  the  most  distant  target,  for 
irxJtcaied  spot  resolution  Note  that  the  rracftmg  resolution  can  be 
up  to  a  factor  of  tO  better  than  the  esoiution  calculated  for  one 
*iooii."  based  on  diffraction  limits.  Tlterafore.  the  tracking  may  only 
require  mirrors  up  to  10  timet  smaller  than  Indicatad  In  the  figure. 

kor  homing  kinetic  energy  weapons,  moderate  si/ed  mirrors  twell 
undei  1  meter  m  diameierj  would  be  adequate  lor  ati  wavelengths 
Direciedenergy  weapons  such  as  high  power  lasers  would  require 
sensors  with  very  large  mirrors  Operating  in  the  visible  or  even 
uMravioiet  region  ol  the  spectrum  Thus  all  DEWs  would  have  to  use 
a  low  resolution  LWIR  sensor  to  point  a  second  UV/visible  Ktive 
sensor  or  laser  on  each  weapons  platform  to  achieva  the  necessary 
accuracy 
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must  be  focused  to  a  small  spot  without  the 
beneflk  of  a  homing  sensor  at  close  range. 
LWIR  sensor  mirrors  to  direct  DEWs  would 
have  to  exceed  10  m  in  diameter.  Therefore  a 
DEW  sensor  would  probably  have  to  operate 
in  the  SWIK  or  MWIR,  visible,  or  even  ultra¬ 
violet  (UV)  wavelengths.**  Laser  beam  weap¬ 
ons  would  demand  the  hipest  accuracy  to  take 
full  advantage  of  their  small  spot  size  and 
therefore  high  intensity  on  target,  typically  on 
the  order  of  30  cm  at  3,000  km  or  0.1  microra¬ 
dian.  Neutral  particle  beams,  as  currently  en¬ 
visaged.  would  have  about  one  microradian 


**This  might  be  sutisfactory  for  boost-phase  kills,  but  cold 
RV  sin  mid-course  could  only  be  detected  with  LWIR  sensors. 
Hence  a  future  laser  BMD  system  deo^ied  to  attack  RV’a  would 
have  to  use  a  coarse  LWIR  sensor  to.*  detection,  then  a  sepa* 
rate  laser  designator  at  shorter  wavelength  to  iUuminate  tar¬ 
gets  for  tracking  by  a  second  UV  or  visible-light  sensor.  This 
complexity,  combined  with  the  durability  of  RV's  aa  a  result 
of  their  ablative  shield  reeded  for  reentry,  m«kes  the  use  of  la¬ 
ser  beams  for  killing  RV's  in  mid-course  very  doubtful. 


divergence,  producing  a  3  m  spot  at  3.000  km, 
80  NPB  sensors  could  be  about  10  times  less 
accurate  than  laser  beam  sensors. 

Number  of  Detector  Elements  per  Array.— 
Each  passive  sensor  would  need  many  detec¬ 
tor  elements  for  both  adequate  resolution  and 
high  signal*to-noi5w>  ratios.  For  example,  a  star¬ 
ing  array  sensor  on  a  BSTS  satellite  at  geosyn- 
cl^nous  orbit  (3C.000  km)  could  need  well  over 
a  million  detector  elements  to  afford  coarse 
resolution  at  the  surface  of  the  Earth.  This  re¬ 
quirement  could  be  reduced  to  hundreds  of 
thousands  of  detector  elements  by  scanning 
the  IR  image  over  a  smaller  array  of  detectors, 
80  th.it  each  detector  sampled  many  resolutiem 
elements  in  the  IR  image. 

Many  detector  elements  would  also  be  nec¬ 
essary  to  yield  adequate  aignal-to-noiae  ratios: 
the  electrical  signal  produced  by  IR  radiation 
from  a  target  would  have  to  exceed  the  signal 
from  all  sources  of  noise.  Competing  !R  noise 
could  come  from  the  background  scene  such 
as  the  Earth  or  stars,  from  the  mirrors  and 
housing  of  the  sensor  system,  and  from  the  in¬ 
ternal  electrical  noise  of  the  detector  elements. 
The  signal-to-background-noise  ratio  could  be 
maximized  by  distributing  the  background 
from  a  fixed  field-of-view  over  many  detector 
elements.**  For  the  most  stressing  task  of  de¬ 
tecting  cold  RVs  above  the  horizon  against 
atmospheric  background  at  a  tangent  height 
of  50  to  80  km.  sensors  would  n^  at  least 
several  hundred  thousand  detector  elements 
to  generate  adequate  aignal-to-noise  ratios.** 

Onrent  IR  focal  plane  arrays  on  (q>erational 
military  sensors  for  tactical  elements  have  up 
to  180  detector  elements.  Some  other  opera¬ 
tional  systems  have  several  thousand,  and  ex¬ 
perimental  arrays  with  many  more  than  10,000 

-Ideally,  each  detector  element  should  be  the  same  size  aa 
that  of  the  target  image  If  the  elements  were  twice  this  ideal 
size  lhalf  the  lota]  number  of  detectors  in  the  array),  then  each 
element  would  collect  twice  the  background  noise  with  no  in¬ 
crease  in  signal:  the  signal-to-noise  ratio  would  be  cut  in  half. 
For  many  long-range  BMD  miasiont,  the  detector  element  would 
be  much  larger  than  the  target  image. 

"These  numbers  of  detectors  are  hesed  on  the  aasumption  that 
the  sensor  mirrors  are  cooled  to  the  80'  to  100 K  range  ao  that 
IR  radiation  from  those  mirrors  does  not  dominate  tte  noiaa, 
and  that  the  detectors  are  fabricated  with  low  noiae. 


mioto  et90H:  Ommti  B^efrte  Compmy 


Senior  focal  plana  array  of  128  by  128  datactor 
aiements  Thasa  alamants  convart  light  anargy  into 
alactrical  signals.  Focal  plane  arrays  are  tha  aiactro- 
optical  equivalent  of  film  in  a  camera.  Soma  SOt 
tensors  may  require  focal  planas  containing  hundreds 
of  thousands  of  detector  alamants. 

elements  have  been  fabricated.  The  focal  plane 
o.'^ay  (FPA)  for  the  planned  Airborne  Optical 
Adjunct  (AO A)  experiment  will  have  a  38,400> 
element  three<olor  FPA."  However,  none  of 
these  detectors  was  designed  to  the  radiation 
hardness  needed  for  BMD  sensors. 

Detector  Radiation  Hardness.— Ballistic 
missile  defense  sensors  must  withstand  radi* 
ation  from  distant  nuclear  explosions.  Current 
detectors  are  fabricated  hem  relatively  thick 
bulk  materials  such  as  silicon  or  mercury  cad> 
mium  telluride  (HgCdTe)  which  are  suscepti¬ 
ble  to  radiation  damage.  Other  materials,  such 
as  gallium  arsenide  or  germanium,  or  thinner 
detector  structures  would  be  needed  to  achieve 
radiation  hardness  goals.  Impurity  band  con¬ 
ductor  (IBC)  detectors,  which  are  only  10  to 
12  fim  thick,  can  withstand  10  to  100  times 
more  radiation  than  common  bulk  silicon  de¬ 
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tectors.  Arrays  with  up  to  500  IBC  elements 
have  been  fabricated  in  the  laboratory. 

The  electronic  readout  from  FPAs  must  also 
be  resistant  to  radiation  damage.  In  the  past, 
charge^oupled  devices  (CCD)  were  used  to  read 
out  large  detector  arrays.  To  reduce  suscepti¬ 
bility  to  radiation  damage,  researchers  are 
butt-bonding  switching  metal  oxide  semicon¬ 
ductor  field  effect  transistor  (MOSFET)  read¬ 
outs  to  the  detectors. 

Detector  Manufacturing  Capacity. — Indus¬ 
try  produces  about  1  million  IR  detectors  per 
year.  Many  of  these  are  small  linear  arrays  of 
16  to  180  elements  each,  used  for  tactic^  IR 
missiles  or  scanning  IR  imaging  systems.  The 
“Teal  Ruby”"  experiment’s  bulk-silicon  array 
is  the  largest  built  so  far.  Production  would 
have  to  increase  by  one  or  two  orders  of  mag¬ 
nitude  to  satisfy  the  ambitious  BMD  goals: 
very  large,  radiation-hard,  low-noise  arrays 
would  be  required.  For  example,  just  one  BMD 
sensor  would  reqiiire  several,  perhaps  up  to  10, 
times  the  current  annual  production  capacity— 
and  there  could  be  many  tens  of  sensors  in  a 
second-phase  space-bas^  BMD  system.  The 
SDIO  has  programs  underway  intended  to 

"TmJ  Ruby  ii  mo  toq^rimanUl  MtolliU  designed  to  dotoct 
lircrtft  from  qieot  with  an  LWIR  detactor  anay. 
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achieve  these  improvements  in  manufacturing 
capability. 

Conversion  from  laboratory  fabrication  to 
full-scale  manufacturing  of  the  new  IBC  de¬ 
tectors— assuming  they  continue  to  be  the  pre¬ 
ferred  detector— could  limit  BMD  sensor  de¬ 
ployment.  Industry  performance  in  converting 
to  the  manufacture  of  bulk  silicon  IR  "com¬ 
mon  module"  arrays  in  the  early  1980s  was 
not  good.  Producing  arrays  of  just  60. 120,  or 
180  elements  once  held  up  the  completion  of 
M-1  tanks  that  use  forward  looking  IR  (FLIR) 
sensors. 

Manufacturing  yield  (the  ratio  of  the  num¬ 
ber  of  acceptable  arrays  to  the  number  manu¬ 
factured)  for  IR  detectors  would  have  to  be  im¬ 
proved.  The  overall  yield  (including  read-out) 
for  the  Teal  Ruby  array  was  about  2  percent. 
Since  yield  was  so  low,  every  element  had  to 
be  individually  tested  at  cryogenic  (10°  K)tem- 
peratui-es:  testing  might  be  the  limiting  man¬ 
ufacturing  process.  The  SDIO  has  initiated 
programs  to  address  this  problem  in  fiscal  year 
1988. 

^  Signal  nxKessing  Improvements.— Pto)octed 
signal  processing  rates  for  BMD  sensors  would 
exceed  current  space-based  operational  capa- 
bilitio.c  by  factors  of  a  few  hundred.  Current 
operational  signal  processors  can  handle  up 
tens  oi  millions  operations  per  second  (MOPS), 
while  BMD  signal  processing  requirements 
might  exceed  10  billion  operations  per  second, 
or  10  giga-OPS  (OOPS). 

Projected  on-board  memory  requirements 
for  BMD  sensors  vary  from  10  ndUion  to  100 
million  bytes  of  information.  Reaching  these 
memory  and  processing  goals  by  the  1990s 
seems  likely,  given  the  progress  in  very  high 
speed  integrated  circuits  (VHSIC). 

Power  consumption  of  signal  processors 
must  be  reduced.  The  AOA  experiment  will  re¬ 
quire  less  than  10  kilowatts  (KW)  of  power  to 
drive  a  15  GOP  processor,  or  over  1.6  MOPSAV. 
Hardened  VHSIC  technology  offers  the  prom¬ 
ise  of  many  times  less  power  consumption  (40 
MOPSAV)  and  good  radiation  resistance. 


Active  Sensors 

How  Active  Sensors  Work.— Active  sensors 
illuminate  the  target  with  radiation  and  mon¬ 
itor  reflected  energy.  In  general,  active  sen¬ 
sors  have  the  advantage  of  adequate  illumi¬ 
nation  under  all  conditions:  they  do  not  have 
to  rely  on  radiation  from  the  target  or  favora¬ 
ble  natural  lighting  conditions.  They  suffer  the 
disadvantage,  under  some  circumstances,  of 
being  susceptible  to  jamming  or  spoofing:  the 
opponent  can  monitor  the  illumination  beam 
and  retransmit  a  modified  beam  at  the  same 
frequency  to  overpower  or  confuse  the  receiver. 
At  the  very  least,  the  illumination  beam  can 
alert  the  enemy  that  he  is  under  surveillance 
or  attack.  This  might  be  a  concern  for  surveil¬ 
lance  and  tracking  of  defense  suppression 
weapons  such  as  direct-ascent  or  orbiting 
ASATs.  * 

Microwave  radar,  an  active  sensor  used  so 
successfully  in  tracking  aircraft,  might  sup¬ 
port  some  phases  of  BMD,  particularly  for  ter¬ 
minal  defen:  a.  These  ground-based  radars 
ought  use  advanced  data  processing  tech¬ 
niques  to  generate  pseudo-images  of  RVs  to 
distinguish  between  RVs  and  decoys,  as  de¬ 
scribed  below.  Conventional  microwave  radar 
has  two  serious  limitations  for  most  space- 
based  BMD  functions:  limited  resolution  and 
large  power  requirements.  Because  of  the  large 
antennae,  large  power  requirements,  and  sur¬ 
vivability  issues,  microwave  radar  is  not  a 
prime  candidate  for  BMD  space  applications.** 
However,  the  SDIO  still  believes  that  micro- 
wave  radar  might  be  included  in  future  BMD 
systems. 

SDI  researchers  are  also  investigating  laser 
radar  or  "ladar "  for  applications  such  as  meas¬ 
uring  the  range  to  a  target  and  discriminat¬ 
ing  RVs  from  decoys.  In  principle,  ladar  is 
equivalent  to  radar  with  much  shorter  (opti- 

■^nie  SDIO  had  coiuidared  devcIopiiiKchortcriiiaiinieUr  wave 
radar  to  provide  bettar  radar  raaohiticB  and  lower  power  requin- 

iMnts.  With  reduced  funding,  support  for  millimsit^  rsdsr  hss 

reduced.  DisLrihuted  sntenna  srrsys  are  also  beh*g  con¬ 
sidered  to  pitn-ide  space  surveillance  of  aircraft  and  cruise  mis¬ 
siles  for  the  Air  Defense  Initiative. 
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cal  or  infrared)  wavelengths.  With  shorter 
wavelength,  laders  generally  would  give  bet¬ 
ter  resolution  with  less  power  and  weight.  La- 
dars  cannot  operate  in  ail  weather  conditions 
on  earth.  They  are  therefore  better  suited  for 
space  applications. 

Imaging  Radars.— U  an  object  is  moving 
relative  to  a  radar,  then  the  radar  return  sig¬ 
nal  is  shifted  ir.  frequency,  similar  to  the  Dop¬ 
pler  frequency  shift  of  a  train  whistle  as  it 
passes  by  a  stationary  observer.  For  objects 
that  rotate,  such  as  spinning  satellites  or  reen¬ 
try  vehicles,  pseudo-images  can  be  generated 
by  processing  the  doppler  frequency  shifts  of 
radar  signals  stored  over  time.  This  is  a  proc¬ 
ess  similar  to  synthetic  aperture  radar,  some¬ 
times  called  inverse  synthetic  aperture  radar 
(ISAR).** 

Consider  a  conical  RV  spinning  about  its  axis 
(figure  4-8).  The  tip  of  the  cone  has  no  signifi¬ 
cant  motion  due  to  rotation,  and  little  doppler 
frequency  shift.  The  back  edge  of  the  cone  has 
a  large  motion  (proportional  to  the  radius  of 
the  cone  and  the  angular  velocity  of  the  RV) 
and  a  large  doppler  frequency  shift.  A  plot  of 
range  to  target  versus  doppler  frequency  shift 
will  therefore  resemble  the  shape  of  the  RV  for 
most  orientations  of  radar  beam  to  spinning 
RV.“ 

The  resolution  of  range/doppler  pseudo¬ 
images  does  not  depend  on  radar-beam  spot 
size.  The  beam  floods  the  target  area,  so  pre¬ 
cise  beam  pointing  is  unnecessary.  Range  reso¬ 
lution  is  inversely  proportional  to  the  band- 

*An  airborne  synthetic  sperture  reder  system  generates  an 
image  of  the  ground  by  measuring  the  dop|^  frecpiency  shifts 
of  aU  return  radar  signals,  Targ  .ts  directly  ahead  of  the  radar 
ai^cra^  have  maximum  Doppler  frequency  shift  because  the 
relative  \  '*lodty  between  the  ground  and  the  aircraft  is  a  maxi* 
mum.  Targets  perpendicular  to  the  aircraft  flight  path  have  no 
relauve  motion  toward  the  aircraft  and  no  D^Iot  frequency 
shift  By  storing  all  the  radar  returns  and  processing  data  over 
time,  a  pseudo  image  of  the  ground  is  generated. 

♦'if  aii  imaging  radar  were  boresighted  along  the  trajectory 
of  an  R  V.  there  would  be  no  doppler  fr3quency  shift  and  no  im* 
a^.  Conversely,  if  the  radar  locked  perpendicular  to  the  RV 
flight  path,  tbm  would  be  no  information  on  the  length  of  Uie 
RV:  any  range  spread  would  be  due  to  the  radius  of  the  cone, 
independent  ^length.  For  oUmt  radar  look  angles  between  these 
extremes,  the  doppler  frequency  shift  would  be  proportional  to 
the  sine  cf  the  look  angle,  and  the  range  spread  would  be  prapor* 
tional  to  the  coeine  of  tuat  angle. 


PlgiM  44.-- INuctrgtion  Of  gn  imaging  ftodar  VlM^ 
m  Spinning  Conicgl  Targol 


Polf4*A*cg^  tig  baaaol»acona  hat  tha  most  rnoionlossafdt^t 
radar,  producing  tw  iargatt  dopplar  kaquancy  ahifL  Tba  acho 
tom  tiia  point  would  appaar  at  point  *A*  on  a  radar-ganaratad 
plot  of  ranga  varaua  dopplar  fraquancy  ahNt  Point  *B%  at  about 
tw  aama  ranga  aa  point  *AMa  moving  parpandlcular  10  tia  ra* 
dar  baam,  and  vdl  hava  no  dopplar  taquancy  ahifl;  Us  aeho 
would  bapiooadaa  shown.  SirTiaarty.poirit*C*ia  moving  away 
tomtiaradar,  and  would  hava  a  nagatva  dopplar  taqi  jncy 
shift  Finely,  points  along  tia  cons  such  at  point  hava  Mvar 
fraq<jency  ahifis,  ainca  they  are  cioaar  to  tia  spinning  axis.  Tha 
resulting  ranga-doppiar  pM  wW  tiarafora  raaambla  the  conicat 
tvgai 

width  of  the  transmitted  signal.  For  example, 
a  one  gigahertz”  bandwidth  radar  aignal  o^d 
have  a  range  resolution  capability  of  16  cm. 
Resolution  in  the  cross-track  direction  (cor¬ 
responding  to  the  radius  of  the  spinning  cone) 
is  limited  by  the  minimum  doppler  frequency 
shift  that  can  be  detected,  radar  wavelength 
(smaller  is  better),  and  the  rotation  rate  of  the 
RV  (larger  is  better).**  For  microwave  radars, 
tj'pical  doppler  frequency  shifts  are  in  the  tens 
to  hundred  of  hertz.  Many  radar  pulses  must 
be  stored  and  analyzed  to  measure  these  low 
frequencies,  which  requites  substantial  data 
processing. 


''Gigahertz  la  a  unit  of  frequency  equal  to  one  bilUon  cycles 
per  eecood 

"Note  that  doppler  (croea-track)  nsohitioo  of  tbeee  pseudo 
images  is  not  eoir^valent  to  poa/tfooa/  aocvacy.  Object  details 
on  the  order  of  a  few  cm  may  be  resolved  in  theee  imagee,  but 
the  croes*track  poeitioo  %if  the  object  will  not  be  known  to  bet* 
ter  than  the  radar  beem  width,  which  might  be  tena  of  kms  wide. 
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Photo  cmfit  OoofHOt  Bioctric  photo  mtoMOofl  by  US  Doporlmont  of  Dotoogo 


Artist’s  concept  of  laser  tube  assembly  for  laser  radar  sensor  system.  Such  laser  radars,  or  **ladars**  might  be  deployed 
on  space  based  Interceptor  carrier  vehicles  or  on  spacn  surveillance  and  tracking  system  satellites 
to  help  identify  or  t'C'*k  incoming  missiles. 


} 


Ladar.— The  short  wavelength  and  very 
ihort  pulse-length  of  a  laser  might  prove  very 
useful  for  several  BMD  functions.  A  laser  ra* 
dar  or  ladar  system  would  illuminate  the  tar¬ 
get  cloud  with  a  pulsed  beam  of  light.  An  opti¬ 
cal  receiver  would  detect  the  reflected  echoes, 
in  direct  analogy  to  a  microwave  radar.  Vari¬ 
ous  types  of  ladars  could  supply  one-dimen¬ 
sional  range  to  the  target  (a  laser  range-finder), 
or  they  could  generate  2-  or  3-dimonsional 
images.  * 

Several  modes  of  imaging  operation  are 
possible: 

•  Scanning  beam  or  “angle/angle”  mode:  a 
pulsed  laser  beam  is  focused  and  scanned 
over  the  scene.  A  single  optical  detector 
records  the  time  sequence  of  reflections 
from  each  returned  laser  pulse,  and  a  three 
d'mensional  map  of  target  position  is  gen¬ 
erated  in  computer  memory.  Ladar  reso¬ 
lution  would  depend  on  the  beam  spot  size, 
which  could  be  as  small  as  3  m  at  3,000 
km  with  reasonably  sizeu  optics.**  Very 
short-wavelength  lasers  are  preferred  to 
minimize  spot  size.  The  range  resolution 
would  be  c  J  the  order  of  1.5  m  with  10- 
nanosecond  long  laser  pulses,  which  are 
commercially  available. 


”A  0.5  ^  Uaer  with  a  60<iii  mirror  would  prod-jc*  r. 
t’-ffractioD-liniited  spot  3  m  in  diemetar  at  a  distanos  of  3,000  km. 


•  Focal  plane  array:  a  passive  imager,  simi¬ 
lar  to  the  IR  sensors,  records  the  scene 
illuminated  by  a  laser.  The  laser  is  the 
“flash  lamp”. 

•  Doppler  ladar:  the  optical  analog  of  a 
microwave  Doppler  imaging  radar  might 
be  feasible  if  lasers  with  adequate  coher¬ 
ence  could  be  built.  Doppler  resolution  of 
a  coherent  ladar  could  be  excellent.  A  30- 
cm  RV  rotating  once  pe*  second  would 
generate  a  3.8  megahertz  (million  cycles/ 
second— MHz)  frequency  shift  in  the  la¬ 
dar  return  signal,  compared  to  only  60 
hertz  for  an  X-band  imaging  radar.  Since 
the  resol  ition  of  this  pseudo-image  would 
be  independent  of  spot  size,  there  woiild 
be  no  need  to  operate  at  short  UV  or  visi¬ 
ble  ^'avelengths.  This  fuie  Lnage  re.M>lu- 
tion  would  not,  however,  yield  good  posi¬ 
tional  information.  A  narrow  beam  (short 
^  avelength)  an^e/angle  ladar  would  be  re¬ 
quired  for  good  ang^a”  resolution. 


Active  Discrimination.— A  ladar  might  be 
very  useful  for  discriminating  beti^een  RVs 
and  decoyj  as  they  were  ejected  from  a  PBV. 
The  PBV  would  perceptibly  change  its  veloc¬ 
ity  as  each  heavy  RV  was  discharged,  but  not 
as  light  decoys  were  dispensed.  A  ladar  could 
be  designed  with  the  spatial  resolution  to  re¬ 
solve  independently  the  PBV  and  the  RV  or 
decoy  and,  in  theory,  to  measure  the  differen- 
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!  tial  velocities  before  and  after  each  deploy* 

I  mentr 

I  Light  decoys  might  inflate  as  they  left  the 

PBV.  A  high  resolution  imaging  ladar  could 
in  principle  observe  this  inflation  and  so  iden¬ 
tify  balloon  decoys.*'  A  precision  doppler  la¬ 
dar  mighi  also  observe  small  vibration  or  nu¬ 
tation  (wobbling)  differences  between  an  RV 
ar>d  a  decoy.  Light  decc^s  might  vibrate  at  tens 
to  hundreds  of  kilohertz  (kHz),  heavier  RVs 
at  less  than  a  few  kHz.  Over  tens  of  seconds, 
the  nose  of  a  spinning  RV  also  nutat  .'a  a  few 
I  millimeters;  a  very  high  resolution  laacr  might 

I  detect  thi.s  motion,  but  long  integration  times 

i  and  high  data  storage  rates  would  be  nec¬ 
essary. 

Current  Statut;  of  Active  Sentors.— Active 
i  sensor  tcchnclogies  have  been  tested  end  de- 

I  ployed  in  some  form  since  the  radars  of  World 
War  II.  Considerable  development  remains, 
however,  before  active  sensors  will  be  ready 
for  advanced  BMD  systems. 

Phased-array  Search  Radars.— Ground  based 

Chased-array  rad  ars  are  cunently  depl  ryed  in 
oth  the  United  States  and  the  Soviet  Union 
to  detect  obj acts  in  spece  and  rrive  eariy  w  -.m- 
ingof  missile  attack.  The  “PA  PAWS'  ra¬ 
dars  now  at  Otis  APB  on  Cape  Cod  and  at 
BerJe  Al'B  noar  Sacramento  have  two  ’rtfge 
faces  each,  with  active  areas  22  m  square,  pro¬ 
viding  240®  coverage.  Each  face  has  1,792  ac¬ 
tive  antenna  elements,  with  provisions  to  up¬ 
grade  each  face  co  3\  by  31  m  active  areas  with 
5,354  elements.  Two  additional  PAVE  PAWS 
radars  are  being  built  in  Georgia  and  Texas. 

-•'oMider  •  PBV  w>/j,  10  RVt.  Th«  PBV  vdodty  would 
chai4(c  x^ry  little  if  m  tight  d«coy  were  ejected.  Ejecting  the 
first  RV.  if  «i  weighed  1/1 5th  of  the  temaining  PBV  weight,  would 
caus?  tue  PBV  to  slow  by  1/1 5th  of  the  RV-PBV  eeparation 
velodiy .  Hint  is,  if  the  two  objects  were  designed  to  move  apart 
at  a  1  ScTr.'flcc  rate,  then  the  PBV  would  slow  down  by  1  cm/sec 
and  tho  RV  wo'iid  speed  up  by  14  cm/sec  after  eeparation.  Later 
RV's  would  cause  tho  PBV  to  slow  down  more,  as  the  ratio  of 
RV  to  remaining  PBV  weight  increased.  The  ladar  woulc  there' 
fore  need  a  velocity  resolution  of  1  cm/sec  in  this  example. 

*'One  countermeasiure  to  block  the  observation  of  decoy  in¬ 
flation  (as  well  as  differential  velocity  detection)  would  b9  to 
inflate  the  decoys  under  a  long  shroud,  although  there  is  some 
concym  that  the  PBV  rocket  plume  mighi  interfere  with  a 
shroud.  Alternatively,  decoys  and  RVs  could  be  tethmd  to* 
gether  so  that  their  rotation  would  confuse  the  sensor,  which 
could  not  keep  track  of  each  object  (see  ch.  10.) 
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The  United  States  plans  to  replace  the  three 
existing  Ballistic  Missile  Earl>  'Vamitg  Sys¬ 
tem  (BMEWS)  mechanically  scanned  radars  ^ 
at  Clear,  Alaska;  Thule,  Greenland;  and  Fyling- 
dales  Moor  in  England  with  phased  array  ra-  I 

dars.  The  old  Distant  Early  Warning  radars  { 

will  also  be  replaced  by  52  new  phased  array 
North  Warning  System  (NWS)  radars.  These  **  | 
radars,  along  with  the  mothballed  phased  ar-  i 
ri.'  radar  near  Grand  Fcrka,  North  Dakota.  { 
might  supply  RV  tar^t  coordinates  to  an 
ERIS  exoatmospheric  interceptor  system.** 

/niRgfng  Riidars. — Sev  eral  radars  have  been 
operated  in  tl  c  range-doppler  imaging  mode  I 
since  the  early  iS70s.  These  grcund-based  ra¬ 
dars  are  used  to  image  betellites,  RVs.  and 
other  space  objects.  MIT’s  Lincoln  Labs  oper¬ 
ates  an  L-hand  end  an  X*band  imaging  radar 
at  Millstone  Hill  in  Massachusetts.  i 

Ladars.— Ladar  systems  have  not  been 
placed  in  operation,  but  they  have  been  tested. 

In  1981  MIT  Lincoln  Laboratories  built  the 
“Firepond”  CO,  ladar,  which  had  a  15  kW  peak 
power  and  1.4  kW  average  power.  With  a  one 
microrhdian  resolution,  this  ladar  could  detect 
targets  spacei*  3  m  apart  at  a  distance  of  3,000 
km.  This  ladar  has  b;4n  reactivated  for  the  SDI 
program.  It  will  be  operated  in  the  range^lop- 
pler  mode  to  investigate  RV  imaging  in  a 
ground-based  Held  test.  Two  other  lasers  are 
planned.  One  will  have  a  very  short  (nano¬ 
second),  higl:  oeak  power  pulse  to  yield  good 
range  resolution.  The  other  will  use  a  lower 
peak  power,  frequency-chirpod  pulse.  To  re¬ 
cover  good  range  -esolution,  this  chirped  pulse 
is  compressed  electronically  in  a  data  proces¬ 
sor.  This  seme  pulse  compression  technique 
has  been  used  successfully  to  reduce  the  peak 
power  required  in  more  conventional  micro- 
wave  radars. 


•'SDIO**  pha9<K>ne  Strategic  Defense  Systeta  plans  one  or 
more  optical  sensors  for  cueing  ERIS  interceptors.  However. 
Lockheed— the  ERIS  developer— and  others  have  proposed  an 
“ea^y  deploy ir.ent"  version  of  ERIS  that  would  utilise  exist- 
^  'sdars.  The  computing  capabilities  of  these  radars  would 
have  to  be  improve  to  handle  hundreds  of  targets.  TTie  sya- 
^  18  would  be  susceptible  to  electromagnetic  pulse,  microwave 
jidnmlng,  and  hlaat  damago  in  the  event  of  mic^ar  war.  At  this 
time,  phased-array  radars  are  the  only  sensors  available  for  early 
f^loyment  f  ERIS-like  BMD  sykems. 


( 
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Work  is  also  proceeding  on  diode-pumped 
glass  lasers,  excimer  lasers,  and  bistatic  CO, 
ladars.  Glass  lasers  are  typically  pumped  with 
flash  lamps,  resulting  in  very  low  efficiency 
(typically  less  than  0.2  percent),  since  the  spec¬ 
trum  of  the  flash  lamp  does  not  match  the  ab¬ 
sorption  bands  cf  the  Nd:glass  material.  By 
pumping  the  Nd'giass  la"er  with  an  array  of 
incoherent  laser  diodes,  efficiency  can  be  in¬ 
creased  significantly  and  the  thermal  distor¬ 
tion  which  normally  limits  these  lasitrs  to  very 
low  repetition  rates  can  be  controlled. 

Escimer  lasers  have  the  advantage  of  gen¬ 
erating  UV  radiatioi,^,  which  demands  the 
smallest  mirrors  for  n  given  resolution. 

Key  Issues  for  Active  Sensors.— Current  SDI 
phase-two  concepts  call  for  ground-based  ra¬ 
dars  for  directing  late  mid-course  and  termi¬ 
nal  defense.  Space-based  ladars  are  sugge.<;ced 
for  boost-phase  ranging,  to  observe  PBV  de¬ 
ployment,  and  for  determining  accurate  tar¬ 
get  position  during  mid-course  ^scrimination. 
Ladars  might  also  be  used  for  air-bome  rang¬ 
ing  to  assist  terminal  defense.  Issues  for  these 
active  sensors  include  the  following. 

Ground~based  iladar.— Ground-based  radars 
would  have  to  be  large,  phased-array  devices 
to  focus  adequate  energy  on  many  targets.  TVo 
key  issues  would  be  survivability  and  data 
processing.  Surge  fuses  at  rach  radiating  di¬ 
ode  in  the  array  could  probably  protect  large 
antennas  from  nuclear  burst-generated  elec¬ 
tromagnetic  pidse  (EMP).  Shielding  the  struc¬ 
ture  and  building  could  protect  interior  elec¬ 
tronics.  Most  EMP  energy  would  be  below  150 
MHz,  so  radar  radio  frequency  (RF)  circuits 
at  10  GHz  could  be  safe. 

However,  these  antennas  would  be  suscep¬ 
tible  to  in-band  radiation  from  dedicated  jam¬ 
mers.  It  might  be  a  challenge  to  desigii  effec¬ 
tive  electronic  counter-countermeasures  to 
protect  these  large  and  critical  assets  from  elec¬ 
tronic  jamming  by  Soviet  satellites.  Some  sys¬ 
tem  architects  have  suggested  that  these  ra¬ 
dars  be  mobile,  possibly  on  railroad  cars. 
Mobility  might  reduce  susceptibility  to 
jamming. 


Data  processing  might  also  be  challenging. 
Consider  an  X-band  (3-cm  wavelength)  radar. 
Its  data  processor  might  have  to  handle  5  mil¬ 
lion  bits  per  second  of  incoming  data  for  each 
of  5,000  antenna  dipoles,  or  a  total  of  25  bil¬ 
lion  bits  per  second  for  the  entire  radar.**  These 
data  must  be  stored  and  processed  to  deter¬ 
mine  the  direction  to  each  target  (by  phasing 
the  receiving  array)  and  a  Fast  Fourier  Trans¬ 
form  (FFT)  operation  would  have  to  be  per¬ 
formed  on  each  range  bin  to  measure  doppler 
frequency  shift  over  many  pulses. 

Doppler  imaging  radars  might  be  fooled  if 
RVs  (and  decoys)  were  covered  with  “fronds," 
—strips  painted  with  irregular  patterns  of  vola¬ 
tile  material.  Attached  at  various  places  on  an 
object,  these  strips  would  move  about  at  ran¬ 
dom  in  space  as  the  volatile  material  evapo¬ 
rated.  This  motion  would  give  different  parts 
of  the  target  different  doppler  velocities  inde* 
pend^t^of  their  positions  on  the  RV  cr  decoy 
coneT  Such  extraneous  frequency  shifts  might 
confuse  the  radar  processor,  obscuring  the  im¬ 
age  of  the  RV  body. 

Ladar  Active  Discrimination.— Sigidticant 
advances  would  be  required  in  ladar  technol¬ 
ogy  before  it  could  be  utilized  to  observe  PBV 
deployment  of  RVs  and  decoys.  Key  Lssues 
would  be  resolution,  beam  steering,  and  data 
processing  to  handle  the  expected  traffic. 

Direct  angle/angle  ladar  imaging  of  PBVs 
would  take  very  large  mirrois.**  The  alterna¬ 
tive  would  be  doppler  processing  to  improve 
cross-track  resolution.  While  microwave  syn- 

**l*hi4  data  rata  aaBumas  that  radar  bandwidth  ia  1  GHa  to 
yield  a  15<m  range  resolution.  The  radar  tracks  each  target 
to  within  100-m  accuracy  before  hand-over  to  an  image  m^ 
procesyr.  which  maintains  a  sliding  range  gate  100  m  wide  al^t 
each  high-speed  target.  The  radar  pulse  repetitioQ  rate  is  set 
by  the  high^  expected  doppler  frequency  shift  produced 
RV  rotation.  For  clear  images  of  a  20-cro  radius  RV  routing 
at  3  hertz,  the  pulse  repetition  frequency  (PRF)  must  be  500 
hertz  or  higher.  (This  imaging  doppler  radar  would  he  highly 
ambiguous  with  respect  to  RV  velocity,  which  would  require 
MHz  type  PRFs  U;  measure  actual  velocity.) 

*^o  image  a  30<m  diameter  RV,  a  ladar  duigner  would  like 
10  resolution  elements  across  the  object  to  resolve  shape  or  de¬ 
tails.  or  3  cm  resohitkm.  Thus,  an  impractically  large  60-m  mir¬ 
ror  would  be  required  for  3  cm  resolution  at  3,000  km  range 
with  a  visible  law. 
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thetic  i^rture  radars  have  been  successfully 
operated  for  over  20  years,  this  process  has 
not  been  extended  to  optical  wavelengths. 
Building  stable  but  powerful  space-based 
lasers  with  the  coherence  necessary  for  dop- 
pier  processing  would  be  a  major  challenge. 

Interactive  Sensors 

The  consensus  in  the  SDl  technical  commu¬ 
nity  is  that  passive  and  active  sensors  may  not 
be  adequate  to  discriminate  between  RVs  and 
decoys  in  the  future.  The  Soviet  Union  prob¬ 
ably  has  the  necessary  technology  to  develop 
decoys  and  real  RVs  with  nearly  the  same  in¬ 
frared  and  radar  signatures.  Decays  would  not 
be  extraordinarily  difficult  to  fabricate  and  dis¬ 
perse  in  space,  and  they  would  weigh  only  a 
small  fraction  of  an  RV.  There  is  a  serious  ques¬ 
tion  whether,  once  dispersed,  they  could  be  dis¬ 
tinguished  from  real  RVs  by  any  passive  or 
active  sensor.  If  not,  the  offense  could  over¬ 
whelm  a  space-based  or  ground-based  mid¬ 
course  defense  system  with  literally  hundreds 
of  thousands  of  false  targets. 

Mid-course  decoy  discrimination  woitld  be¬ 
come  crucial  if  the  Soviets  could: 

•  deny  a  phase-one  boost-phase  defense 
through  countermeasures  such  as  moder¬ 
ately  fast-bum  (e.g..  120-  second)  boosters, 
and 

•  deny  significant  post-boost  kills  by  mov¬ 
ing  to  faster  PB  V  deployment  times  or  to 
single  warhead  missiles. 

If  an  initial  U.S.  deployment  of  kinetic 
energy  weapons  could  no  longer  destroy  many 
ICBMs  in  the  boost  or  post-boost  phase,  and 
if  directed-energy  weapons  were  not  yet  avail¬ 
able,  then  mid-course  discrimination  v  onid  be¬ 
come  indispensable  to  a  viable  BMD  system. 

There  would  be  two  possibilities  for  effec¬ 
tive  mid<ourse  discrimination  under  these  cir¬ 
cumstances:  ladar  discrimination  during  post¬ 
boost  decoy  dispersal,  or  interactive  discrimi¬ 
nation  after  the  RVs  and  decoys  were  released. 
As  discussed  in  the  preceding  section,  ladar 
detection  during  decoy  deployment  would  be 
very  challenging.  Moreover,  simple  measure¬ 
ment  of  RV  and  PBV  recoU  velocities  might 


be  thwarted  (xunpletely  if  the  Soviets  could  dis¬ 
perse  decoys  and  RVs  simultaneously  in  pairs. 
Even  fine  doppler  imaging  would  be  foUed  if 
the  Soviet  PBV  could  obscure  the  deployment 
operation  with  a  shroud.  This  would  leave  in¬ 
teractive  disenmination  as  the  main  approach 
to  keeping  BMD  viable  in  the  long  term. 

How  Interactive  Discriminators  Would  Work. 
—In  interactive  discrinunation,  a  sensor  sys¬ 
tem  would  perturb  each  target  and  then  mens 
ure  its  reaction  to  determine  if  it  were  a  decoy 
or  an  RV.  For  example,  a  dust  cloud  of  suffi¬ 
cient  density  and  uniformit>  •  uuld  be  placed 
in  front  of  a  gro^jp  of  objects.  The  resulting 
collisions  would  slow  down  light  decoys  more 
than  heavy  RVs.  A  ladar  would  monitor  the 
change  of  velocity  of  all  objects,  thereby  iden- 
tifyii^  real  RVs. 

Two  general  classes  of  discriminators  have 
been  proposed:  kinetic  energy  and  directed 
energy  p^urbers. 

Kinetic  Energy  Discriminators. —Two  meth¬ 
ods  have  been  proposed  to  project  particles  in 
front  of  an  oncoming  cloud  of  decoys  and  RVs: 
rocket-bom  particles  and  nuclear-explosion- 
projected  particles.  A  rocket-bome  cloud  would 
be  limited  to  late  mid-course,  unless  the  rockets 
were  fired  from  submarines  or  based  in  Can¬ 
ada  or  the  Arctic.  Presumably  one  rocket 
would  be  necessary  for  the  cylindrical  cluster 
(or  "threat  tube")  of  RVs  and  decoys  emanat¬ 
ing  from  each  PBV.  To  slow  down  decoys  meas¬ 
urably,  a  rocket  would  have  to  carry  enough 
mass  to  cc  .'er  the  full  lateral  extent  of  the 
threat  tube  with  a  sufficiently  dense  cloud.  A 
ladar  would  have  to  measure  velocity  changes 
in  the  10-cm/sec  to  1-m/sec  range. 

Directed'cnergy  Discriminators.— Several 
forms  of  directed  energy  have  been  proposed 
for  interactive  discrimination.  They  would  all 
have  the  advantage  of  long  range,  extending 
the  discrimination  capability  back  to  the  be¬ 
ginning  of  the  mid-course  if  not  to  the  post¬ 
boost  phase. 

The  laser  is  the  best  developed  directed- 
energy  perturber  currently  available,  although 
further  devlopment  would  be  needed  to  pro¬ 
duce  lasers  w.'h  the  brightness  required  for 


intfrartix**  di^criminntion  Ijistwn  rould  h^»t 
unknom-n  (r«Iln(!  "(h«>rTna] 

i vHy ,  ■  short  ptjisp  cf  la<w»r  hinht  could 
rhan^  thp  vplocilios  of  tar^ta  (called  "im¬ 
pulse  lajsKin«"|. 

In  lh»»rmal  tai;inng.  a  law  of  the  apprf^ri- 
ate  wavrlen^rth  would  heat  a  IikH  -weight  de¬ 
coy  than  an  KV— assuming  tl  ry  both  ah- 
aorlw*'.l  la  .er  rnrrgv  and  radiated  1)  hhermall 
energy  to  the  *am»'  degr« .  A  separate  I K  sen¬ 
sor.  possibly  mounted  on  SSTS  satellites, 
would  then  detect  the  wanner  decoy. 

Paired  lasers  could  shock  the  unidentitied 
«  bject  s  Knerg>-  would  be  deposited  in  micro- 
s»vonds  instead  of  the  milliseconds  taken  by 
thermal  t-  gging.  A  high-power  pulae  would 
bml  away  material  petpei^icular  to  the  s  jr- 
faci'of  the  target.  The  reaction  of  ablation  pr-id- 
ucta  would  cause  the  target  to  change  vei.w 
Ity.  A  heavier  RV  would  recoU  leM  that  ^ 
decoy,  pro'-iding  a  massdependent  indicat oi . 
A  aeparate  iadar  would  monil  ir  the  change  of 
each  object's  velocity. 

The  SDIO  ha*  Uie  neutral  panicle 

lieam  (NPH)  as  tin*  most  promising  interactive 
Jiscrimmation  perturbation  source.  The  par¬ 
ticle  beam  source  is  derived  from  well-estab- 
tishml  particle  accelerators  used  for  several  dec¬ 
ades  in  physics  research  experiments  around 
the  world.  A  neutral  particle  beam  could  ^ 
composed  of  hydrogen  atoms.**  accelerated  to 
velocities  about  half  that  of  the  speed  of  light. 
Sii>ce  the  particle  beam  woula  be  relatively 
broad,  on  the  order  of  2  mlcroradian  beam 
width,  it  would  not  require  the  pointing  ac¬ 
curacy  of  50-naiKN-adian-wide  laser  beams. 

These  energetic  particles  would  be  deposited 
several  cm  d-**.p  inside  an  RV.**  As  they  were 

*As  N  l-n  rowkt  •(•(>  Iiiilii*  dvutsHiun  «r  UtUsm.  Uw  iMsvIfr 

^  TWw  MdUipM  »auld  rip»n»fw« 

Ipm  diwrfMn  •  M  Uw  hmm  mt/aluMinti  pract—  afuv  arvUcr 
Trtlium.  tK#  hrrfinffpfi  laoiiifw  wttli  two  tmtirtmn.  imitK 
hf*  procKwwd  m  •  owriw  rowrtnr  wid  ui  radioorttvo  with  •  half 
lif^  i.n  /  1  vr«r«  Ikrutrftum  lh»  ivm  rwlnkw^tivw  hytJr*rffe*f>  iw> 
tcrfk*  oah  one*  Aeutrtm.  w<»i>ld  inont  hkrir  u»«*d 
A  aiiprnai  h  c  ait*  |c*r  cw^um  msl#wd  of  hv«lrtic«^  aUima 

m  a  ’mnfTMitum  r»rh  baam  A  hm\y  caamm  haam  would  im¬ 
part  a  valorit  V  f Kanf*  to  tlia  Larfai.  an  ii  ta  mura  ai»aki«aua 
U)  a  laarr  im|iulaa  tacfaf  Uiaa  to  a  hydrogaa  NPB 
*THa  a*^raa  on  aarh  hfdroffan  atom  would  ha  air^pad  off, 
bavtfic  Ua  proioa  whch  panatrataa  mta  iKa  ivgai. 


ab.sorbed.  these  particles  would  produce 
gamma  rays  and  neutrons.  Neutron  or  gamma- 
ray  detectors  on  many  sateilites  -located 
closer  to  the  targets  than  the  accelerator- 
might  moniloc  the  emissions  coming  from  a 
massive  R  V.  IJght  weight  decoys,  in  contrast, 
would  not  emit  much  radiation. 

Higl  energy  particles  n-ust  be  electrically 
neutml  topropngate  through  the  Earth's  vari¬ 
able  magnetic  field  (charf^  particles  would 
bend  in  unpredictable  paths.)  But  a  particle 
n»usi  be  charged  to  be  accelerated.  Therefore 
the  NPB  would  first  accelerate  negatively 
ch.»rgpd  hydrogen  ions.  After  acceleration  to 
a  few  hundred  MeV  (million  electron  volts) 
energy’,  this  besm  would  be  aimed  toward  the 
target  by  magnetic  steering  coils.  Once  steered, 
the  charged  beam  would  be  neutralized  by 
stripping  off  the  extra  electron  from  each  par- 
tkle.  Thin  foils  or  gas  cello  are  currently  used 
to  neutralize  beams  in  laboi  atory  axperimente. 

A  relativistic  (i.a..  near-spiad-of-iight)  alac- 
tron  beam  could  also  be  us^  as  a  discrimina 
tor.  The  dciocto’  ‘n  this  schetre  would  moni¬ 
tor  x-rays  from  the  more  missive  RV.  Such 
a  system  might  be  gt  ound-based.  popping  up 
on  a  rocket  to  r>Ot<ivor  the  mid<our9e  phase. 
The  main  advantage  would  be  the  avoidance 
of  space-based  assets  for  interactive  discrimi¬ 
nation.  However,  an  e-beam  discriminator 
would  need  some  air  to  form  e  leser-initiated 
channel,  so  it  could  only  operate  at  altitu^ 
between  80  to  800  km. 

Cwreat  Status  of  laUractlve  Seaaors.— Inter¬ 
active  sensore  have  not  yet  becd  built  for  any 
military  mission.  All  the  concepts  desciib^ 
e^ve  have  been  invented  to  solve  the  eevere 
discriminatim  problem  unique  to  mid-course 
ballistic  missile  defense. 

Key  lasoee  for  lateractivc  Diecriaaiaetloa.— 
The  overriding  issue  for  interactive  discrimi¬ 
nation  is  effectiveness  in  the  face  of  evolving 
Soviet  counlermea.sures.  There  are  some  com¬ 
mon  issues  for  any  di.scrinunator  and  some  is¬ 
sues  unique  to  each  approach. 

leaser  Aadar.— Any  discriminator  would  re¬ 
quire  a  high  resolution  laser  radar  to  accurately 
locate  and  identify  each  object  in  apace.  One 


w 


T*b(«  4  l—Kty  hr  tnhr»cth9  tttton 

for  of  dVorHmMofort; 

•  tos»t  rod*'  fo^jutrod  lor  occu^ott  forgot  tocotk>r>: 
fcomof  CubO  roboctof  it  inotpontirt  COuMor- 
moofuf*  ) 

•  rotvgotmg  3  50  forgot t/iocootf 
for  Wf •  occo^oro^: 

•  Vr>»tog^  and  duty  cycio  muff  bo  incfooood  wfthogt 
inf  r^oi-ng  t»#»m  omittorKO 

•  juBnitiog  must  bo  do<fOk>pod 

•  B«*o^  potnimg  sytto^n  muti  bo  tforoiopod 

•  Bo«rT>  pfopogotKKt  m  tpoco 

•  Spo^r  ct'vgo  •ccufnut«t*o»i 

•  Atf  oio^tto'  »n  tpoco 

•  Woght 

for  f  oootmr?  dotocfprt: 

•  nv  dotoction  with  r^ucioor  procyftor  bockgrovnd 

•  M'ttod  forgot  tfHBcoior 

for  looor  th0fms(  logfor 

•  Modoroto  to  high  powor  Pufood  lOOOfO 

•  Thormol  tbroud  on  RV 

for  looof  lo^pif  to  logoor 

•  Noodt  iodof  li  0 

•  High  to  vor>  .  •  "%go  r.  ^  t*  fw^crooocond^ong 
puitod  lotr  « 

•  Thfvttor^omptnootod  MVo 

for  girti  cAood  ioggoff 

•  D'tporsol  of  dutt  cloudy _ _ 

tOUOCf  0»  fmr*rrs>*09f  ••• 

possible  countermeasure  to  ladir  would  be  an 
inexpensive  corner-cube  teflecior  on  each  RV 
uid  decoy.  This  corner  cube  would  essentially 
swamp  the  ladar  receiver:  the  beam  would  be 
returned  on  itself  and  the  ladar  would  be  una* 
ble  to  measure  target  characteristica.  A  coun¬ 
ter-countermeasure  would  be  a  bistatic  ladar 
with  a  laser  transmitter  on  one  platform  and 
a  light  detector  on  a  separate  satellite  not  far 
away.  Reflected  energy  from  a  comer  cube 
would  travel  harmlessly  back  to  the  transnut¬ 
ter.-  thus  failing  to  blind  the  receiver.  Biatatic 
operation  would  be  feasible,  but  it  would  com¬ 
plicate  system  design,  construction,  and 
operation. 

Beam  Steering. —A  directed-energy  interac¬ 
tive  discriminator  would  have  to  steer  its  beam 
rapidly  from  one  object  to  the  next.  Beam 
sU'cri  ig  requirements  are  sot  by  the  number 
of  expected  targets  and  the  numl^  of  directed- 
energy  saieUites  within  range  of  those  targets. 
Typical  estimates  are  that  hundreds  of  thou¬ 
sands  of  RVa  and  decoys  might  survive  the 


boost  phase  defense.*^  Assuming  that  mid¬ 
course  discrimibsticn  of  sc^histicated  decoys 
must  be  completed  in  15  minutes,  then  each 
piatfor*n  would  have  to  interrogate  3  to  50  tar¬ 
gets  per  second.  The  directed-energy  source 
would  have  to  be  steered  accurately  from  one 
target  to  the  next  in  less  than  20  to  300  milli¬ 
seconds.  This  would  be  a  formidable  challenge. 

SPIi  Accelerator.— Hentr^  particle  beam 
accelerator  development  faces  many  key  hur¬ 
dles.  Beam  energy  must  be  increased  by  a  fac¬ 
tor  of  20,  which  should  not  be  difficult.  Duty 
cycle  and  beam  diameter  must  be  increased  by 
a  factor  of  100  without  degrading  beam  qual¬ 
ity  or  emittance— a  more  challenging  task.  An 
•cceleratmr  would  have  to  operate  in  space 
without  electrical  breakdown  or  arcing  that 
would  short  out  it  s  electrical  system.  Commu¬ 
nications  and  electronic  controls  would  have 
to  operate  even  with  electrical  charge  build¬ 
up  in  space.  An  NPB  would  have  to  propagate 
over  long  distances  in  space  with  little  diver¬ 
gence.  To  point  accurately  at  targets,  it  would 
have  to  effectively  boresightcd  to  an  opti¬ 
cal  system. 

These  same  icsu  evouldhav  toberestJved 
for  an  NPB  w  '**.pon  acceliv.-  w.  A  weapon- 
grade  NPB  wo  id  crobably  dwr'J  longer  on 
each  target  to  a.'8T'.re  destruction  of  at  least 
the  ii:temal  electronics,  but  might  otherwise 
be  very  similar  to  one  deslgnud  for  interactive 
discrimination.  A  more  detailed  discussion  of 
NPB  accelerator  issues  appears  in  the  DEW 
section  of  chapter  5. 

Neutron  Detection.— Calculations  indicate 
that  large  neutron  detector*  placed  on  hun¬ 
dreds  of  separate  aatellites  near  the  targets 
could  detect  the  neutron  flux  from  RVs.  The 
offense  might  intentionally  detonate  nuclear 
weapons  in  space  before  an  attack  to  saturate 
these  neutron  detectors.  With  sufficiently  high 
particle-beam  energy  (on  the  order  of 200  MeV), 

•’An  intwmc^iv^diAcnininitor  wouM  not  have  to  interrofcate 
aU  objects  in  space.  Unsophisticstsd  decoys,  discardsd  booster 

stages  and  oihsr  debris  could  probably  bt  identified  by  psssi  vs 

or  active  aenaora.  With  adequaU  battle  manairement  to  keep 
trvii  of  eatmeous  objects,  the  prtxeee  ol 'bulk  mtaring*' 
ehmmaU  ^iieetobjecU  from  the  interactive  diaorimtestor'sUr* 
fti  list 
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the  energy  of  eome  neutrons  ejected  from  an 
R  V  would  be  higher  than  that  expected  of  neu* 
trone  emanating  from  nuclear  detonations. 
TTherefore  an  energy  threshold  circuit  would 
eliminate  most  of  the  signal  from  the  latter 
source,  allowing  IdentiRcation  of  the  neutrons 
from  RVs. 

Another  issue  is  how  to  confirm  that  targets 
had  been  hit  by  an  NPB,  since  the  neutron  de¬ 
tectors  would  receive  no  signal  from  decoys. 
How  would  a  system  distinguish  between  de¬ 
coys  and  RVs  which  were  missed  by  the  beam? 
One  possibility,  being  tested  in  the  laboratory, 
would  be  to  monitor  each  object  with  a  UV  sen¬ 
sor  on  the  assumption  that  the  outer  surface 
of  the  RVs  (and  the  decoys!  would  emit  UV 
light  when  struck  by  the  particle  beam.  This 
U  V  sensor  simply  would  confirm  that  the  par¬ 
ticle  beam  had  Ut  a  target. 

If  based  on  current  technology,  neutron- 
detector  platform  wei^ts  would  be  excessive. 
Each  platform  would  weigh  up  to  30  tonnes. 
System  designers  hope  »hat  lighter  detector 
elements  and  power  supplies  can  reduce  this 
weight  to  5  tonnes  per  platform  by  the  miil- 
1990s.  If  this  goal  were  achieved,  then  the  sev¬ 
eral  bundled  detector  satellites  could  be 
bited  with  about  100  launches  of  the  proposed 
Advanced  Launch  System. 

Laser  Thermal  Tagger.— Very  high  power 
lasers  would  be  requii^  to  tag  space  targets 
for  an  inUiractive  discriminator.  A  laser  ther¬ 
mal  tagger,  like  all  inloractive  sensors,  would 
require  a  separate  laser  radar  to  locate  targets 
precisely.  For  example,  cold  RVs  (and  decoys) 
would  have  to  be  tracked  by  long-wavelength 
LWIR  passive  sensors.  These  sensors  could 
only  determine  a  target's  position  to  within 
18  m,  assuming  a  2-m  sensor  mirror  at  3,(X)0 
km.**  But  the  interrogating  laser  beam  might 
have  a  spot  size  of  o^y  1  or  2  m.  A  more  ac¬ 
curate  laser  radar  would  be  required  to  guide 
an  HF  laser  beam  to  the  target. 


tinffle  UtkH  could  be  located  to  within  laaa  than  the  1 
LW I K  re-  ^ution  ekment  by  a  proemo  called  *'b^am'SpUttinK*’: 
the  target  ta  aaaumed  to  be  in  the  canter  of  the  IR  signal  wave¬ 
form.  If  there  were  two  targets  or  a  target  and  a  de^y  within 
the  IR-ro  resolution  element,  however,  then  the  aensor  would 
falsely  indicate  one  target  located  betwean  tha  two  objacts. 


Detecting  small  temperature  rises  cm  sev¬ 
eral  hundred  thousand  objects  would  also 
stress  LWIR  sensor  technology.  Monitoring 
closely  spaced  targets  would  demand  large 
LWIR  mirrors.  For  example,  to  distinguish  ob¬ 
jects  spaced  10  m  apart,  a  sensor  3,000  km 
away  would  need  a  4-m  mirror.  Steering  this 
large  mirror  to,  say,  15  targets  per  second 
would  be  another  major  challenge. 

Decoys  might  be  modihed  to  respond  to  ther¬ 
mal  tagging  as  an  RV  would.  Due  to  their  lower 
mass,  decoy  surfaces  should  became  hotter 
than  RV  surfaces  after  laser  illuminaticm.  How¬ 
ever,  the  outer  layer  of  the  decoys  could  in  prin¬ 
ciple  be  built  to  absorb  less  laser  light  or  to 
emit  more  IR  heat.  These  decoys  would  then 
reach  the  some  temperature  as  an  RV  after  ex¬ 
posure  to  laser  light.  Or,  an  RV  ccnild  simply 
be  covered  by  an  insulating  blanket  that  woi^ 
decouple  the  exterior  thermal  respemse  ^m 
the  internal  RV  mass.  It  appears  that  laser 
thermal  tagging  would  have  limited  naefulness 
against  a  com^tted  adversary. 

Laser-impulse  Discriminator— The  energy 
density  required  for  laser  impulse  discrimina¬ 
tion  would  be  in  the  range  of  7  to  30  times  more 
than  tor  thermal  tagging.  In  addition,  the  la¬ 
ser  pulses  would  have  to  be  very  short,  cm  the 
cwder  of  microseconds  instead  of  milliseconds, 
which  makes  the  peak  laser  power  extraor¬ 
dinarily  high.  This  high  peak  power  would  be 
difficult  to  generate  and  handle,  since  mirrors 
and  other  optical  components  would  be  sus¬ 
ceptible  to  damage  by  the  intense  pulses.  While 
less  powerful  than  proposed  la^  weapons, 
lasers  for  impulse  discrimination  would  sUll 
be  a  major  develc^ment.** 

Laser  imp(^  discrimination  mig^t  be  coun¬ 
tered  by  equipping  RVs  or  decoys  to  react  de¬ 
ceptively.  Small  thnisters  on  RV s  mi^t  cause 
them  to  move  as  a  decoy  would  under  a  laser 
impulse.  Alternatively,  thrusters  on  relatively 
sophisticated  decoys  might  counteract  the  la¬ 
ser  impulse. 

primary  tnemam  of  a  laaw'i  affoctivanoia  at  a  waopon 
it  baam  *'bnghtiiaaa/'  tha  averaft  powar  radiatad  into  a  fivaa 
aolid  angle.  An  HFlaaar  impulae  tagger  would  be  brighter  than 
any  laser  built  to  date,  but  still  a  factor  of  2  to  200  laaa  bright 
than  that  needed  for  BMD  againat  a  raapooaiva  Soviet  threat 


AU  interactive  discriminators  would  prob 
ably  require  an  imaging  iadar  to  provide  ade¬ 
quate  resolution  both  to  hit  targets  with  a 
probe  beam  and  to  measure  target  response 
accurately.  A  laser  impulse  discriminator 
would  bear  the  additional  burden  of  determin* 
ing  target  (and  particularly  decoy)  orientation. 
The  orientation  of  a  conical  decoy,  for  exam¬ 
ple.  could  affect  its  reactive  motion  in  re^tponse 
to  the  laser  pulse. 

Dust-cloud  Discriminator.— The  key  issue 
for  a  dust  cloud  discriminator  is  how  to  posi¬ 
tion  the  cloud  acciv  itely  in  h^nt  of  the  oncom¬ 
ing  nv-decoy  constellation  at  the  proper  time. 


If  the  particles  were  dispersed  too  widely,  the 
requir^  amount  would  become  excessive.  If 
clustered  too  closely,  thqr  could  miss  some  de¬ 
coys.  As  with  any  discriminator,  a  precision 
Icdar  would  be  required  to  measure  velocity 
changes  accurately. 

Laser  impulse  discrimination  mi^t  be  coun¬ 
tered  by  equipping  RVs  or  decoys  to  react  de 
ceptively.  Small  tipsters  on  RVs  might  cause 
them  to  move  as  a  decoy  would  under  a  laser 
impul.se:  alternatively,  thrusters  on  relatively 
sophisticated  decoys  might  counteract  the 
impulse. 


SENSOR  TECHNOLOGY  CONCLUSIONS 


Phuel 

1.  A  boost  surveillaiiee  and  tracking  satellite 
(BSTS)  could  most  probably  be  devehq>ed  by 
^  nud-1990s.  Short-wave  and  middle-wave 
infrared  (S/MWIR)  sensors,  could  provide 
early  wuming  and  coarse  booster  track 
data  sufficient  to  direct  SBI  launches.** 

2.  Space  surveillance  and  tracking  system 
(SSTS)  satellites  would  not  be  ava'*able  for 
tracking  individual  RVs  and  decoys  before 
the  late  19908.  The  ability  to  disaiminate 
possible  decoys  in  this  time  frame  is  in 
question.  Smaller  but  similar  sensors  for 
a  phase-one  system  nught  be  placed  on  in¬ 
dividual  SBI  platforms  or  on  ground-based, 
pop-up  probes. 

3.  An  airborne  optical  system  could  probably 
be  available  by  the  mid-19908  to  detect  and 
track  RVo  and  decoys  with  IR  sensors  (al¬ 
though  not  to  discriminate  against  a  replica 
decoy  above  the  atmosphere).  However,  its 
utility  may  be  limited  in  performance  and 
mission: 

•  Performance  may  be  limited  by  the 
vulnerability  and  operating  cost  of  its 
aircraft  platform,  and  IR  sensors 

**Or  *  *ifbcertamty  is  the  proCectioa  of  the  BSTS  eeiiMirf  from 
future  airNirne  or  epeoebome  User  jammers  which  could  per^ 
manaotly  c  amagt  IR  detector  eleniepte  duriof  peacetime. 


might  be  confused  during  battle  by 
IR-scattering  ice  crystals  formed  at  60 
to  80  km  altitude  by  debris  reenter 
ing  the  atmosphere. 

•  The  relatively  short  range  of  airborne 
IR  sensors  would  limit  the  AOS  mis¬ 
sion  to  supplying  data  on  approach¬ 
ing  objects  for  endo-atmospheric  in¬ 
terceptor  radars,  and  possibly  for 
exo-atmospheric  interceptors  a  short 
while  before  RV  reettry.  Airborne  IR 
sensors,  unless  very  forward-based, 
could  utilize  only  a  snudl  portion  of  the 
time  available  in  mid-course  for  dis¬ 
crimination  and  therefore  could  not 
take  full  advantage  of  the  fly-out  range 
of  ground-based  exoatmospheric  inter¬ 
ceptors. 

In  any  case,  an  Airborne  Optical 
System  is  not  now  included  in  SDIO 
phase-one  deployment  plans. 

4.  Effective  discrimination  against  more  so¬ 
phisticated  decoys  and  disguised  RVs  in 
space  is  unlikely  More  the  year  2000,  if  at  aU. 

Phase  2 

5.  By  the  late  19908  at  the  earliest,  a  space  sur¬ 
veillance  and  tracking  system  (SSTS)  might 
furnish  post-boost  vehicle  (PBV)  and  reen- 


ica 


try  vehicle  (RVl  track  d«U  with  long-wave 
infrared  (LWIR)  above-the-horizon  (ATH) 
aensore  suitable  for  directing  SBI  launches 
in  the  mid-courve.  New  methods  would  be 
needed  for  the  manufacture  of  large  quan¬ 
tities  of  radiation-hardened  focal  plane  ar¬ 
rays.  Another  issue  is  the  operation  of 
LWiR  sensors  in  the  presence  of  precur¬ 
sor  nuclear  explosions  (including  those 
hesnng  atmosphere  into  the  ATH  field  of 
view)  or  other  intentionally  dispersed 
chemical  aerosols.  Effective  mid-course 
SBI  capability  is  unlikely  before  the  late 
1990s  to  early  2000s. 

6.  There  are  too  many  uncertainties  in  project¬ 
ing  sensor  capabiUties  and  the  level  of  So¬ 
viet  countermeasures  to  specify  a  discrimi¬ 
nation  capability  for  SSTS.  It  appears  that 
Soviet  countermeasures  (penetration  aids 
and  decoys)  could  keep  ahead  of  passive 
IR  discrimination  techniques: 

•  Passive  IR  discrimination  could  be 
available  by  the  mid-1990s,  but  prob¬ 
ably  would  have  marginal  utility 
against  determined  Soviet  counter¬ 
measures. 

•  Active  laser  radar  (ladar)  imaging  of 
PBV  deployment  offers  some  promise 
of  decoy  discrimination,  provided  that 
the  Soviets  did  not  mask  dispersal  of 
decoys.  Space-borne  imaging  ladars 
probably  would  not  be  available  until 
the  late  1990s  at  the  earliest. 

•  Laser  thermal  tagging  of  RVs  is  un¬ 
likely  to  be  practical  given  the  need 
for  complex,  agile  steering  systems 
and  given  likely  countermeasures  such 
as  dermal  insiilatiou  of  RVs  and 
decoys. 

•  Laser  impulse  tagging  is  even  less 
likely  to  succeed  in  this  phase  because 
high-power  pulsed  lasers  would  be  re¬ 
quired. 

7.  Ground-based  radar  (GBR)  might  be  avail¬ 
able  by  the  late  19908  to  direct  interceptors 
to  reentering  wariteads.  There  may  be  some 


questions  about  its  resistance  to  RF  jam¬ 
mers.  Signal  processors  may  have  ^ffi- 
culty  handling  large  numbers  of  targets  in 
real-time. 

Phase  3 

8.  Accurate  IR  sensors,  UV  ladar,  or  visible 
ladar  would  have  to  reside  on  each  DEW 
platform. 

9.  Interactive  discrimination  with  neutral  par¬ 
ticle  beams  (NPB)  appears  the  most  likely 
candidate  to  reliably  ^stinguish  decoys  from 
RVs,  since  the  patiicles  would  penetrate  tar¬ 
gets,  making  aUelding  very  difficult.  Before 
one  could  judge  the  efficacy  of  a  total  NPB 
discrimination  system,  major  engineering 
developments  would  be  required  in:  weight 
reduction,  space  transportation,  neutral 
particle  beam  control  and  steering,*'  auto¬ 
mated  accelerator  op^raticn  ic  space,  and 
multi-megawatt  space  power. 

It  is  unlikely  that  a  decision  on  the  tech¬ 
nical  feasibility  of  NPB  discrimination 
could  be  made  Iwfore  another  decade  of  lab¬ 
oratory  development  and  major  space  ex¬ 
periments.  Given  the  ruagnitude  of  an 
NPB/detoctor  satellite  conste’latlon,  an  ef¬ 
fective  diacrimination  system  against  st^his- 
ticated  decoys  and  disguised  RVs  would  not 
likely  be  fully  deployed  and  available  for 
BMD  use  unto  the  2010  to  20)5  period  at  the 
earliest. 

10.  Nuclear  bomb-projected  particles  might  also 
form  the  basis  of  an  effec  Jve  interactive  dis¬ 
criminator,  if  rdiable  space-based  ladar  sys¬ 
tems  were  also  developed  and  deployed  to 
measure  target  velocity  changes.  There  are 
too  many  uncertainties  to  project  if  or  when 
this  approach  might  succeed. 


•'Sine*  Ihept  tide  beams  are  invisible,  novel  approaches  would 
be  required  to  sense  the  dired  ion  of  the  beam  so  that  it  could 
be  steered  toward  the  target 
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Chapter  5 

Ballistic  Missile  Defense  Technology: 
Weapons,  Power,  Communications,  and 

Space  Transportation 


INTRODUCTION 


This  chapter  reviews  weapon  technologies 
relevant  to  ballistic  missile  defense  (BMD‘.  It 
emphasizes  the  chemically  propelled  hit-to^kill 
weapons  most  likely  to  form  the  basis  of  any 
future  U.S  BMD  deployment  in  this  century. 
The  chapter  also  covers  the  directed-energy 


weapons,  power  systems,  and  communication 
systems  of  most  interest  for  the  Strategic  De¬ 
fense  Initiative  (SDI).  Finally,  it  considers  the 
new  space  transportation  system  essential  im 
a  space-based  defense. 


WEAPONS 


A  weapon  system  must  transfer  a  lethal  dose 
of  energy  from  weapon  to  a  target.  All  exist¬ 
ing  weapons  use  some  combination  of  kinetic 
energy  (the  energy  of  motion  of  a  bullet,  for 
example),  chemical  energy,  or  nuclear  energy 
to  disable  the  target.  The  SDI  research  pro¬ 
gram  is  exploring  two  major  new  t}rpes  of 
weapon  systems:  directed-energy  weapons  and 
ultra-high  accuracy  and  high  velocity  hit-to- 
kill  weapons.  Not  only  have  these  weapons 
never  been  built  before,  but  no  weapon  of  any 
type  has  been  based  in  space.  Operating  many 
hundreds  or  thousands  of  autonomous  weap¬ 
ons  platforms  in  space  would  itself  be  a  major 
technical  challenge. 

Directed-energy  weapons  (DEW)  would  kill 
their  prey  'without  a  projectile.  Energy  would 
travel  through  space  via  a  laser  beam  or  a 
stream  of  atomic  or  sub-atomic  partied.  Speed 
is  the  main  virtue  A  laser  could  attack  an  ob¬ 
ject  1,000  km  away  in  3  thousandths  ot  n  sec¬ 
ond,  while  a  high-speed  rifle-bullet,  for  exam¬ 
ple,  would  have  to  be  fired  16  minutes  before 
impact  with  such  a  distant  target.  Clearly, 


Note:  Complete  deBnltioxia  of  ecronyma  end  initialiBma 
ere  listed  ia  Appendix  B  of  this  neport. 


DEW,  if  they  reach  the  necessary  power  levels, 
would  revolutionize  ballistic  missile  defense. 

DEWs  offer  the  ultimate  in  delivery  speed. 
But  they  are  not  likely  to  have  sufficient  de¬ 
ployed  power  in  this  century  to  destroy  ballis¬ 
tic  missiles,  and  they  certainly  could  not  kill 
the  more  durable  reentry  vehicles  (RVs).  In 
hopes  of  designing  a  system  deployable  before 
the  year  2000,  the  SDI  research  program  has 
emphasized  increased  speed  and  accuracy  for 
the  more  conventional  kinetic-energy  weapons 
(KE  W),  such  as  chemically  propelled  rockets. 
With  speeds  in  the  4  to  7  lun/s  range,  and  with 
terminal  cn*  homing  guidance  to  coUde  diie^y 
with  the  target,  these  KEW  could  kill  a  sig¬ 
nificant  number  of  today’s  ballistic  misciles. 
With  sufficient  accuracyi  they  would  not  re¬ 
quire  chemical  or  nuclear  explosives. 

^  Although  DEWs  will  not  be  available  for 
highly  effective  ballistic  missile  defense  dur¬ 
ing  this  century,  they  could  play  a  significant 
role  in  an  early  19908  decision  on  whether  to 
deploy  any  ballistic  missile  defense  system. 
That  is,  the  deployment  decision  could  hinge 
on  our  ability  to  persvi.ade  the  Soviets  (and  our¬ 
selves)  that  defenses  would  remain  viable  for 
the  foreseeable  future.  Kinetic-energy  weapons 
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work  initially  against  the  1990s  Soviet  missile 
threat.  But  ^viet  responsive  countermeasures 
might  soon  render  those  weapons  ineffective. 
Thus,  a  long-term  commitment  to  a  ballistic 
missile  defense  system  would  imply  strong  con¬ 
fidence  that  new  developments,  such  as  evolv¬ 
ing  DEW  or  evolving  dJscrimination  capabil¬ 
ity.  couid  overcome  and  keep  ahead  of  any 
reasonable  Soviet  response. 

Strategic  Defense  Initiative  Organization 
(SDIO)  officials  argue  that  perceived  future  ca¬ 
pabilities  of  DEW  might  deter  the  Soviet 
Union  from  embarking  on  a  costly  defense 
countermeasures  building  program:  instead, 
the  prospect  of  offensive  capabilities  might  per¬ 
suade  them  to  jcia  with  the  United  States  in 
reducing  offensive  ballistic  missiles  and  mov¬ 
ing  from  an  offense-dominated  to  a  defense- 
dominated  regime.  To  foster  this  dramatic  shift 
in  strategic  thinking,  the  evolving  defensive 
system  would  have  to  appear  less  costly  and 
more  effective  than  offensive  countermeasures. 

Today,  the  immaturity  of  DEW  technology 
makes  any  current  judgments  of  its  cost- 
effectiveness  extremely  uncertain.  It  appears 
that  many  years  of  research  and  development 
would  be  necessary  before  anyone  could  state 
with  reasonable  confidence  whether  effective 
DEW  systems  could  be  deployed  at  lower  cost 
than  responsive  countermeasures.  Given  the 
current  state  of  the  art  in  DEW  systems,  a  well- 
informed  decision  in  the  mid-1990s  to  bi^d  and 
deploy  highly  effective  DEIW  weapons  appears 
unlikely.' 

Kinetic-Energy  Weapons  (KEW) 

Today’s  chemically  propelled  rockets  and 
sensors  could  not  intercept  intercontinental 
ballistic  missiles  (ICBMs)  or  reentry  velucles 

The  Suidy  Group  of  the  American  Physical  Society  oonduded 
in  their  analysis  of  DEW  that  **eves  in  the  beet  of  dreumstanoee, 
a  decado  or  more  of  intensive  research  would  be  required  to  pro* 
vide  the  technical  knowledge  needed  for  an  informed  decision 
about  the  potential  effectiveness  and  survivability  of  DEW  sys* 
terns.  In  Edition,  the  important  issues  of  ovei^  system  in* 
tegratioD  and  effectiveness  depend  critically  upon  information 
that,  to  our  knowledge,  does  not  yet  exist  "See  American  Phy  a* 
kal  Society.  Soeoce  and  Techooiogy  of  Directed  Energy  Weep^ 
car:  Report  of  the  Amerrcan  Phyeicel  Society  Study  Croup^ 
AprJ.  1987.  p.  2. 


(RVs)  in  space.  No  currently  deplpyable  projec¬ 
tile  system  has  the  accuracy  or  speed  to  con¬ 
sistently  intercept  an  RV  traveling  at  7  km/e 
at  ranges  of  hun^eds  or  thousands  of  kilome¬ 
ters.  The  SAFEGUARD  anti-ballistic  missUe 
(ABM)  system  built  near  Grand  Forks,  North 
Dakota  in  the  early  1970s,  and  the  existing  So¬ 
viet  Galosh  ABM  system  around  Moscow  both 
would  compensate  for  the  poor  accuracy  of 
their  radar  guidance  systems  by  exploding  nu¬ 
clear  warheads.  The  radiation  ^m  that  explo¬ 
sion  would  increase  the  lethal  radius  so  that 
the  interceptors,  despite  their  poor  accuracy, 
could  disable  incoming  warheads. 

The  goal  of  the  SDI,  however,  is  primarily 
to  investigate  technology  for  a  non-nudear  de¬ 
fense.  This  would  dictate  the  development  of 
“emart"  projectiles  that  could  “see”  their  tar¬ 
gets  or  receive  external  guidance  signals, 
changing  course  during  flight  to  collide  with 
the  targets. 

The  following  sections  discuss  proposed 
KEW  systems,  KEW  technologies,  the  current 
status  of  technology,  and  key  issues. 

KEW  Systems 

Foiu*  different  KEW  systems  were  analyzed 
by  SDI  system  architects,  including  space- 
based  interceptors  (SBIs,  formerly  <^ed 
space-based  kinetic  kill  vehicles  or  SBKKVs), 
and  three  ground-based  systems.  All  four  sys¬ 
tems  wovid  rely  on  chemically  pre^Ued 
rockets. 

Space-Baaed  Interceptim  (SBIs).— Each  sj's- 
tem  architect  proposed— and  the  SDIO  “pha^ 
one”  proposal  includes— deploying  some  type 
of  space-based  projectile.  These  projectiles 
would  ride  on  pre-positioned  platforms  in  low* 
Earth  orbits,  low  enough  to  reach  existing 
ICBM  boosters  before  their  engines  would 
bum  out,  but  high  enough  to  improve  the  likeli¬ 
hood  of  surviving  and  to  avoid  atmospheric 
drag  over  a  nominal  seven-year  satellite  life. 
The  range  of  characteristics  for  proposed  SB  I 
systems  is  summarized  in  the  dassified  ver¬ 
sion  of  this  report. 

It  would  take  a  few  thousand  carrier  satel¬ 
lites  in  nearly  polar  orbits  at  several  hundred 


km  altitude  to  attack  effectively  a  high  per¬ 
centage  of  the  mid-1990s  Soviet  ICBM  threat 
There  was  a  wide  range  in  the  number  of  in¬ 
terceptor  rockets  proposed  by  system  archi¬ 
tects,  depending  on  the  degree  of  redundancy 
deemed  necessary  for  functional  survivability, 
on  the  number  of  interceptors  assigned  to 
shoot  down  Soviet  direct-ascent  anti-satellite 
weapons  ( ASATs),  and  on  the  leakage  rates  ac¬ 
cepted  for  the  boost-phase  defense. 

In  late  1986,  the  SDIO  and  its  contractors 
began  to  examine  options  for  1990s  deploy¬ 
ment  which  would  include  constellations  of 
only  a  few  hundred  carrier  vehicles  (CVs)  and 
a  few  thousand  SBIs.  This  evolved  into  the 
phaseone  design  which,  if  deployed  in  the  mid 
to  late  1990s,  could  only  attack  a  modest  frac¬ 
tion  of  the  existing  ^viet  ICBMs  in  their 
boost  and  post-boost  phases. 

Exo-atmospheric  Reentry  Interceptor  System 
(ERIS).— The  ERIS  would  be  a  ground-based 
rocket  with  the  range  to  attack  RVs  in  the  late 
midcourse  phase.  Existing,  but  upgraded,  ra¬ 


dars  such  as  BME  WS,  PAVE  PAWS,  and  the 
PAR  radar  north  of  Grand  Forka,  North  Da¬ 
kota  might  supply  initial  track  coordinates  to 
ERIS  intercq>tors.*  (These  radars  might  be  the 
only  senscH's  available  for  neur-term  deploy¬ 
ments.)  Alternatively,  new  radars  or  optical 
sensors  would  fumisn  the  track  data.  Up¬ 
graded  radars  would  have  little  discrimination 
capability  (unless  th '  Soviets  were  to  refrain 
from  using  penetration  aids);  moreover,  a  sin¬ 
gle  high  aititude  nuclear  explosion  could  de¬ 
grade  or  destroy  them. 

Optical  sensors  might  reside  on  a  fleet  of 
space  surveillance  and  tracking  system  (SSTS) 
aat^tes  or  on  ground-based,  pop-up  probes 
based  at  higher  latitudes.  Such  sensors  might 
supply  early  enough  infrared  (IR)  track  data 

of  plannod  fTtwad-boMd  radart  foch  at  tba  Ta^ 
minal  Imaging  fUdar  (TIKK  which  could  diacriminate  RVa  from 
dacoya.  might  ba  too  ahort  to  aid  ERIS  long^ranga  intarcap> 
tore;  the  TIR  was  planned  for  the  lower  HEDI  eodoatmoepherk 
eyatem.  A  looger-range  Ground-baaed  Radar  (GBRfayatam  has 
also  been  proposed.  This  system  may  be  capable  of  supporting 
ERIS  interoeptore. 


Photo  CfOtt:  Loekhooa  Mitofloo  md  Spoco  Compony 

How  ERIS  would  work.— The  ERIS  vehicle  would  be  leunched  from  the  ground  end  Its  sensors  would  ecquire  end  treck 
e  tsrget  at  long  range.  ERIS  would  then  maneuver  to  Intercept  the  target's  path,  denrollshing  It  on  impact. 
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|RIS  kilt  vehicle  concept  — The  Integrated  Avionics 
Package  (i AP)  computer  (top  left)  receive^i  Intercaptor 
position  data  from  the  omboard  Inertial  Measuremertt 
Unit  and  target  position  data  from  the  seeker,  or 
Infrared  sensor  The  seeker  acquires  and  traces  the 
Incoming  warhead.  The  lAP  sends  guidance  com* 
manoUo  the  two  transverse  and  two  lateral  thrusters, 
which  maneuver  the  vehicle  to  the  impact  point.  Heli¬ 
um  Is  used  to  pressurize  the  fuel  tanks  and  also  as  a 
propellant  for  the  attitude  control  system  at  the  aft 
bulkhead.  The  lethality  enhancement  device  would 
deploy  Just  before  Impact  to  provide  a  larger  hit  area. 


to  take  fuU  advantage  of  the  ERIS  flyout 
range.’  If  deployed,  an  airborne  optical  system 
(AOS)  could  give  some  track  data  late  in  mid¬ 
course.  None  of  these  sensors  has  been  built, 
although  the  Airborne  Optical  Adjunct  ( AOA), 
a  potential  precursor  to  the  AOS  airborne  sys¬ 
tem,  is  under  construction  and  will  be  test 
flown  in  the  late  1980s. 

An  on-board  IR  homing  sensor  would  guide 
the  interceptor  to  a  collision  with  the  RV  in 
the  last  few  spends  of  flight.  This  homing  sen¬ 
sor  would  derive  from  the  Homing  Overlay  Ex¬ 
periment  (HOE)  sensor,  which  successfully  in¬ 
tercepted  a  simulated  Soviet  RV  over  the 
Pacific  on  the  fourth  attempt,  in  1984. 

No  major  improvements  in  rocket  technol¬ 
ogy  would  be  necessary  to  deploy  an.ERIS- 
like  system,  but  cost  would  be  an  important 
factor.  The  Army’s  Strategic  Defense  Com¬ 
mand  proposes  to  reduce  the  size  of  the  launch 
vehicle  in  steps.  The  Army  has  proposed — 


The  ERIS.  as  presently  designed,  requires  a  relatively  high 
target  pcsi^n  accuracy  at  hand.off  from  the  aenaor.  The  BSTS 
would  not  be  adequate  for  this. 


Photo  Cfdit:  Lockhooa  ond  Spice  Umpsny 

Fj.xtlonal  Test  Validation  (FTV)  v,  baaallna  ERid 
concapt.—  SIzaa  of  tfw  FTV  vanlcla  and  baaollna  cRiS 
concepts  are  compared  to  a  6  icot-tali  man.  ERk.  is 
detil  ned  as  a  ground-launched  interceptor  that  would 
destroy  a  ballistic  missile  Wcr^•ead  m  space.  The  FTV 
vehicle  is  33  feet  tall,  large  enough  to  carry  both  an 
observational  payload  to  observe  the  Impact  with  the 
warhead  and  the  teleme.ry  to  relay  information  to  the 
ground  during  the  flight  tests.  TTie  baaei;.^  Interceptor 
concept  Is  less  than  U  faet  tall,  more  comp«.s{  because 
It  will  not  require  all  the  tensors  and  redundancies 
that  art  damanded  by  flight  lasts. 


p^y  to  reduce  coets-to  test  this  system  with 
a  Functional  Technical  Validation  (FTV)  rocket 
m  1990-91.  This  missile  would  have  approxi¬ 
mately  twice  the  height,  10  times  the  weight, 
and  twice  the  bum  time  of  the  planned  ERIS 
rocket.  The  planned  ERIS  rocket  system  has 
a  target  cost  of  $1  million  to  $2  million  per  in¬ 
tercept  m  large  quantities.  Research  is  proceed- 
ing  with  a  view  to  possible  deployment  by  the 
mid-19908. 


xviucn  oeveiopment  would  be  necessary  to 
up^ade  the  experimental  HOE  kinetic  kill  ve¬ 
hicle  technology  for  an  operational  ERIS  in- 
terMptor.  The  IR  sensors  are  being  radiation- 
hardened.  Since  the  operationid  sensor  could 
not  be  maintained  at  the  ciyc^ienically  low  tem* 
^ratures  required  for  the  HOE  experiment, 
lugher  operating-temperature  sensors  are  be- 
ing  develop'ed,  with  cooI>down  to  occur  after 
alert  or  during  rocket  flight. 

E^’i-atmospheric  Defense  Interceptor 
(ipDI).— The  HEDI  system  would  attack  RVs 
that  survived  earlier  defensive  layers  of 
ground-based,  high-velocity  interceptor 


109 


I  >:■/ 

•■V 
V-/ • 

■ '  y’ 

.  /  ;  -  '  ' 


I 


I 

I 


rockets.  HEDI  would  take  advantage  of  the 
fact  that  the  atmosphere  would  slow  down 
ught-weight  decoys  more  than  the  heavier 
operate  in  the  atmosphere. 
HEDI  might  attack  depressed  trajectory  sub- 
manne-launched  balustic  missile  (SLBM)  war¬ 
heads  that  would  under-fly  boost  and  mid¬ 
course  defensive  layers-provided  it  received 
adequate  warning  and  sensor  data. 


Areor^ng  to  one  plan,  an  AOS  would  track 
the  RV  s  initially,  after  warning  from  the  boost- 
phase  surveillance  and  tracking  system  (BSTS) 
and  possible  designation  by  SSTS  (if  available). 

AOS  would  hand  target  track  infwLiation 
on  to  the  ground-based  terminal  imaging  ra¬ 
dar  (TIR).  The  TIR  nould  discriminate  RVs 
from  decoys  both  on  shape  (via  doppler  imag- 
ing)  and  on  their  lower  deceleration  (compared 
to  decoys)  upon  entering  the  atmosphere. 
IntercqrUMe  would  attack  the  RVs  at  altitudes 
between  12  imd  46  km.  The  HEDI  system  thus 
would  combine  passive  optics  (IR  signature), 
atmospheric  deceleration,  and  active  radar 
(shape)  to  distinguish  RVs  from  decoys. 


The  penalty  for  waiting  to  accumulate  these 
data  on  target  characteristics  would  be  the 
need  for  a  large,  high-acceleration  missile.  The 
HEDI  would  have  to  wait  long  enough  to  pro¬ 
vide  good  atmospheric  discrimination,  but  not 
so  long  that  a  salvage-fused  RV  would  deto¬ 
nate  a  nuclear  explosion  close  to  the  ground 
To  accelerate  rapidly,  the  HEDI  2-stage  mis¬ 
sile  must  weigh  about  five  to  six  times  more 
than  the  ERIS  missile. 


The  k^  technology  challenge  for  the  HEDI 
system  would  be  its  IR  homing  sensor.  This 
non-nuclear,  hit-t^kill  vehicle  would  have  to 
view  the  RV  for  the  last  few  seconds  of  flight 
to  steer  a  collision  course.*  But  very  high  ac¬ 
celeration  up  through  the  atmosphere  would 
severely  heat  the  sensor  window.  This  heated 
window  would  then  radiate  energy  back  to  the 
IR  sensor,  obscuring  the  RV  target.  In  addi¬ 
tion.  atmospheric  turbulence  in  front  of  the 
window  could  further  distort  or  deflect  the  RV 


imap.  No  sensor  has  been  built  before  to  oper¬ 
ate  in  this  environment. 

The  proposed  solution  is  to  use  a  sapphire 
window  bathed  with  a  stream  of  cold  nitrogen 
gas.  A  shroud  would  protect  the  window  until 
the  last  few  seconds  before  impact.  Since  reen¬ 
try  would  heat  the  RV  to  temperatures  above 
that  of  the  cooled  window,  detection  would  be 
p  sssible.  Recent  testing  gives  grounds  for  op¬ 
timism  in  this  area. 

Fabrication  of  the  sapphire  windows  (cur¬ 
rently  12  by  33  cm)  would  be  a  major  effort 
for  the  optics  industry.  These  windows  must 
be  cut  from  crystal  boules.  which  take  many 
weeks  to  grow.  At  current  production  rates, 
R  would  take  20  years  to  make  1,000  windows. 
Plans  are  to  increase  the  manufacturing  capa¬ 
bility  significantly. 

The  HEDI  sensor  suite  also  uses  a  Nd:YAG* 

laser  for  range  finding.  Building  a  laser  ranger 
to  withstand  the  high  acceleration  could  be 
challenging. 

As  with  ERIS,  plans  call  for  testing  a  HEDI 
^ction^  Technical  Validation  missile,  which 
is  2  to  3  times  larger  than  the  propo-^ed  opera- 
riraid  vehicle.  The  proposed  specifications  of 
HEDI  are  found  in  the  classified  version  of  this 
report. 

AgOe  Experiment 
(rLAGE).— The  weapon  system  expected  to 
wolve  from  FLAGE  research  would  be  the  last 
line  of  defense,  intercepting  any  RVs  which 
le^^  through  all  the  other  layers.  Its  primary 
mission  would  be  the  defense  of  military  tar¬ 
gets  against  short  i  ange  missiles  in  a  theater 
war  such  as  in  Europe  or  the  Middle  East.  The 
FLAGE  type  of  missile  would  intercept  RVs 
at  altitudes  up  to  16  km.  The  homing  sensor 
for  FLAGE^  would  ase  an  active  radar  inat^nd 
of  the  passive  IR  sensor  proposed  for  on  all 
other  KEW  homing  projectiles. 


Nd.-YAG  u  Um  desfgiutioB  for  •  oommoa  Imv  immI  {d 
rweMch  ^  for  military  laser  rnige-fioders.  The  "Nd"  non- 
^  •'**®^*  “••We  Um  laafag  ec. 

YAO  stands  for  )nttjtiiii-ahiiiiinum.gamet,  the  idaae- 

like  host  material  that  caniea  the  neodjrmium  atoms. 
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The  FLAGE  syetem  was  flown  six  times  at 
the  Wh’te  Sands  Missile  Range.  On  June  27. 
1986,  the  FL.\GE  missile  successfully  c'^Uided 
with  an  R V-shaped  target  drone  which  was 
flown  into  a  heavily  instrumented  flight  space. 
The  collision  was  very  close  to  the  piann^  im¬ 
pact  point.  Another  FLAGE  interceptor  col- 
Lded  with  a  Lance  missile  on  May  21.  1987. 

The  FLAGE  program  ended  in  inid-1987 
with  the  Lance  intercept.  A  more  urabitious 
Extended  Range  Intercept  Technology  (ER- 
INT)  program  succeeds  it.  The  ERINT  inter¬ 
ceptors  will  have  longer  range  and  “a  lethal¬ 
ity  enhancer."  FLAGE  was  a  flre-and-forget 
missile;  no  information  was  transmitted  from 
any  external  sensor  to  the  missile  once  it  was 
fired.  The  ERINT  missiles  are  to  receive  mid- 
course  guidance  from  ground-based  radars.  SLr 
test  launches  are  planned  at  the  White  Sands 
Missile  Range. 

KEW  Technology 

Three  types  of  KEW  propulsion  have  been 
proposed  for  SOI:  conventional  projectiles 
powered  by  chemical  energy,  faster  but  less 
well-developed  electromagnetic  or  "railgun" 
technology,  and  nuclear-pumped  pellets.  All 
system  architects  nominated  the  more  mature 
chemically  propelled  rockets  for  near-term 
BMD  deployments. 

Row  Chemical  Energy  KEWs  Work.— There 
arc  three  different  modes  of  (^leration  pn^iosed 
for  chemically  propelled  KEWs: 

•  space-based  rockets  attacking  boosters, 
post-boost  vehicles  (PBVs),  RVs,  and 
direct-ascent  ASATs; 

•  ground-basod  rockets  attacking  RVs  in 
late  mid-course  outside  the  atmosphere, 
and 

•  ground-based  rockets  attacking  RVs  in¬ 
side  the  atmosphere. 

Two  or  mo:  e  rocket  stages  would  accelerate 
the  projectile  toward  the  target.  The  projec¬ 
tile  would  be  the  heart  of  each  system  and 
would  entail  the  most  development. 

The  smart  projectile  f(H‘  the  space-based  mis¬ 
sion  would  need  some  remarkable  features.  It 


would  be  fired  at  a  point  in  space  up  to  hun¬ 
dreds  of  seconds  before  the  actual  intercep¬ 
tion.*  After  separation  from  the  last  rocket 
stage,  the  projectile  would  have  to  establish 
the  correct  attitude  in  space  to  "see"  the  tar¬ 
get:  in  general  the  line-of-sight  to  the  target 
would  not  correspond  with  the  projectile  flight 
path.  It  it  had  a  Imresighted  sensor  that  stared 
straight  ahead,  then  the  projectile  would  have 
to  fly  in  an  attitude  at  an  angle  to  its  flight 
path  to  view  the  target  (see  figure  5-1).^ 

TT.e  projectile  would  have  to  receive  and  exe¬ 
cute  steering  instructions  via  a  secure  commu¬ 
nication-  .hannel  from  the  battle  manager. 
Usually  iist  a  few  seconds  before  impact,  the 
projectile  would  need  to  acquire  the  target— 
either  a  bright,  burning  booster  or  a  much  dim¬ 
mer  PBV— with  an  on-board  sensor.  It  would 
tot:,!  make  final  path  corrections  to  effect  a  col¬ 
lision.  Fractions  of  a  second  before  impact,  it 
might  deploy  a  "lethality  enhancement  device" 
—like  the  spider-web  structure  used  in  the 
Army’s  Homing  Overlay  Experiment  (HOE)— 
to  increase  the  size  of  the  projectile  and  there¬ 
fore  its  chance  of  hitting  the  target. 

The  SBI  projectile  must  have  these  com¬ 
ponents: 

•  an  inertial  guidance  system, 

•  a  secure  communications  system, 

•  a  divert  propulsion  system. 

•  an  attitude  control  system, 

•  a  sensor  for  terminal  homing  (including 
vibration  isolation), 

•  a  lethality  enhancement  device  (optional?), 
and 

•  a  computer  able  to  translate  signals  from 
the  sensor  into  firing  conunan^  to  the  di¬ 
vert  propulsion  system  in  fractions  of  a 
second. 

The  on-board  sensors  envisaged  by  most  sys¬ 
tem  architocts  for  more  advanced  "phase-two" 

*A  computer  in  the  battle  management  system  would  esti¬ 
mate  the  actual  interception  aim-point  in  space  by  projecting 
the  motion  or  track  of  the  target  using  the  sensor  tra^  files. 

’For  non-accelcrating  targets,  this  look  angle  would  not 
^ange.  ^en  though  the  target  and  the  projertUe  were  travel¬ 
ing  at  different  velocities.  In  this  ''proportional  navigation" 
mode,  the  projectile  orientation  would  be  fixed  once  the  sensor 
was  aimed  at  the  target. 
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FIgurt  S-1.— OrtonUtlon  ol  SOI  to  RV 


ISBI) 

Orientation  of  the  space-based  interceptor  (SB!)  to  the  reen¬ 
try  vehicle  (RV)  during  the  homing  phaee  of  the  flight.  (This 
drawing  shows  a  sensor  bore-sighted  witn  the  axis  of  the  SBI, 
which  is  common  for  guided  missiles  operating  in  the  atmos¬ 
phere.  For  space-based  interceptors,  the  sensor  could  just 
as  well  look  out  the  side  of  the  cylindrical  projectile.)  The 
SBI  sensor  would  have  to  be  aimed  at  the  RV  so  that  its  line- 
of-sight  would  not  be  parallel  to  the  SBI  flight  path  (except 
for  a  head-on  collision.)  For  a  non-accelerating  RV.  the  an¬ 
gle  f'om  the  sensor  line-of-sight  to  the  SBI  flight  path  would 
be  fixed  throughout  the  flight.  Since  targets  such  as  ICBM 
boosters  and  post-boost  vehicles  do  change  acceleration  dur¬ 
ing  flight,  then  this  look  angle  and  hence  the  orientation  of 
the  SBI  would  have  to  be  changed  during  the  SBI  flight. 

t,  ounce.  Offtc*  of  Tocfmok>oy  At— timont.  1980. 


space-based  interceptors  may  be  particularly 
challenging  because  they  would  perform  sev¬ 
eral  functions.  They  would  track  not  only  the 
ICBM  diudng  the  boost  phase,  but  also  the 
PBV,  RVs,  and  direct-ascent  AS  AT  weapons 
sent  up  to  destroy  the  BMD  platforms.  Each 
SBI  would,  ideally,  kill  aU  four  types  of  targets. 

In  the  boost  phase,  a  short-wave  infrared 
(SWIR)  or  medium-wave  infrared  (M  WIR)  sen¬ 
sor  with  existing  or  reasonably  extended  tech¬ 
nology  could  track  a  hot  missile  pliune.  An  SBI 
would  still  have  to  hit  the  relatively  cool  mis¬ 
sile  body  rather  than  the  hot  exhaust  plume. 
Three  approaches  have  been  suggested  for  de¬ 
tecting  the  cooler  missile  body:  computer  al¬ 


gorithm,  separate  long-wave  infrared  (LWIR) 
sensor,  or  laser  designation. 

A  computer  algorithm  would  steer  the  SBI 
ahead  of  the  plume  centroid  by  a  prescribed 
distance  that  would  depend  on  the  look  angle 
of  the  SBI  relative  to  the  booster  and  on  the 
booster  type.  Predicting  the  separation  be¬ 
tween  the  plume  centroid  and  the  booster  body 
under  ail  conditions  might  be  difficult  or  even 
impractical  if  that  separation  varied  from  one 
booster  to  the  next. 

A  separate  LWIR  sensor  channel  might  ac- 

uire  and  track  the  cold  booster  body.*  One 

esigner  proposed  a  single  detect<n’  array,  sen- 
ait've  across  thr.  IR  band,  in  combination  with 
a  spMtral  filter.  This  filter  would  move  me¬ 
chanically  to  convert  the  sensor  from  MWIR 
to  LWIR  capability  at  the  apprt^riate  time. 
Finally,  in  some  designs  a  separate  laser  on 
the  weapon  platform  or  on  an  SSTS  sensor 
would  illuminate  the  booster.  In  this  case  a 
narrow-band  filter  on  the  interceptor’s  sensor 
would  reject  pliime  radiation,  allowing  the  SBI 
to  home  in  on  laser  light  reflected  from  the 
booster  body. 

In  the  pos*  loost  and  mid-course  phases  of 
the  attack,  tL«  SBI  would  have  to  track  hot 
or  warm  PBVr  and  cold  RVs,  Therefore  either 
SB  Is  would  ne 'd  to  have  much  more  sophisti¬ 
cated  LWIR  sensors,  or  they  would  need  some¬ 
thing  like  laser  designators  to  enhance  the  tar¬ 
get  signature.  This  laser  illumination  need  not 
be  continuous,  except  possibly  durL'.g  the  last 
few  seconds  before  impact.  But  intermittent 
illumination  would  place  another  burden  on  the 
battle  manager:  it  would  have  to  keep  track 
of  all  SBIs  in  flight  and  all  SBI  tarots,  then 
instruct  the  laser  designator  at  the  right  time 
to  illuminate  the  right  target. 

An  SBI  lethality  enhancer  might,  for  exam¬ 
ple,  consist  of  a  spring-loaded  web  which  ex- 

*Therc  is  also  a  possibility  that  an  SWIR  or  MWIR  sonsor 
oould  acquire  a  cold  booster  body.  At  4.3  for  example,  the 
atmosphere  is  opaque  due  to  the  CO,  abso^tion.  and  the  upper 
atmosphere  at  a  temperature  of  220*^  K  would  be  colder  than 
a  booster  UJik  at  300 **  K.  As  an  SBI  approached  a  booster,  the 
latter  would  appear  to  a  4.3  ^  senscr  *iS  a  large,  warm  target 
against  tbA  background  of  the  cool  upper  atmosphere. 


piir.d<>d  to  •  few  meter!i  in  diameter  or  an  ex¬ 
plosively  prop'lled  load  of  pellets  driven 
radially  out  war<t  wcadd  limit  the  prac¬ 

tical  diameter  of  expansion.  System  designers 
would  have  to  trade  off  the  costs  of  increased 
homing  accuracy  with  the  weight  penalty  of 
increased  lethality  diameter. 

Ground-based  KKW  capabilities  would  re¬ 
semble  those  of  spr~e-based  interceptors  Kxo- 
atmospheric prnjectiU's  that  intercept  the  KV's 
outside  the  Karth's  atmosphere  would  use 
l^WIR  homing  senstws  to  track  cold  RVs.  or 
they  would  employ  other  optical  sensors  to 
track  laser-illuminated  targets.  These  intercep¬ 
tors  would  be  command-guided  to  the  vicin¬ 
ity  of  the  collision  by  some  combination  of 
grcturtd-based  radars.  xJrbome  LWIR  sensors 
lAOS)  or  sp.are-bome  LWIR  sensors  I.SSTS, 
H.STS,  or  rocket-borne  probesl.  Long- wave  in¬ 
frared  homing  sensors  in  the  projectile  would 
have  to  be  protected  during  launch  through 
the  atmosphere  to  prevent  damage  or  over 
heating. 

Current  Stalua  of  Chemically  Propelled 
Rockets.— No  interceptor  rockets  with  BMD- 
level  performance  have  ever  been  fired  from 
space-ba.sod  platforms.  Operatir-nal  IR  heat¬ 
seeking  interceptor  missiles  su«.'  ^he  air- 
to-air  Sidewinder  and  the  air-toground  Maver¬ 
ick  are  fired  from  aircraft,  but  Irath  the  range 
and  the  final  velocity  of  this  class  of  missilM 
are  weU  below  BMD  levels. 

The  SDIO'a  Delta  ISO  flight  test  included 
the  collision  of  two  stages  from  a  Delta  rocket 
after  the  primary  task  of  collecting  missile 
plume  data  was  completed.  However,  these 
two  stages  were  not  interceptor  rockets,  were 
not  fired  from  an  orbiting  platform,  did  not 
have  the  range  nor  velocity  necessary  for 
BMD,  and  were  highly  cooperative,  with  the 
target  vehicle  orienting  a  four-foot  reflector 
toward  the  homing  vehicle  to  enhance  ^he  sig¬ 
nal  for  the  radar  homing  system.  Note  that  this 
test  usid  radar  homing,  whereas  al!  SBI  de¬ 
signs  call  for  IR  homing  or  laser-designator 
homing.  This  experiment  did  test  the  track¬ 
ing  algorithms  for  an  accelerating  target,  al¬ 
though  the  target  acceleration  for  this  nearly 


head-on  collision  was  not  ac  stressing  as  it 
would  be  for  expected  BM  D/SB  I  flight  trajec¬ 
tories.* 

Engineers  have  achieved  very  good  progress 
in  reducing  the  sire  and  w  ght  of  components 
for  the  proposed  space  ased  interceptors. 
They  have  d^elopcd  indi\  kial  ring  laser  gyro¬ 
scopes  weighing  only  85  ;  as  part  of  an  iner¬ 
tial  measuring  unit.  TIv  v  have  reduced  the 
weight  of  divert  propuls.on  engines  about  9 
kg  to  1.3  kg.  Gas  pressure  regulators  to  con¬ 
trol  these  motors  have  been  r^iiced  f^om  1.4 
kg  to  .09  kg  each.  The  smaller  attitude  con- 
ti^  engines  and  valves  have  been  reduced  from 
800  g  each  to  100  g  each.  Progress  has  also 
been  made  on  all  other  components  of  •  SBI 
system,  although  these  components  have  not 
as  yet  been  integrated  into  ■  working  proto¬ 
type  SBI  system. 

Ground-based  interceptor  rockets  are  one  of 
the  bMt  developed  BMD  technolofpes.  The 
Spartan  and  Sprint  interceptor  missiles  were 
operational  for  a  few  months  in  the  mid  19708. 
Indeed  parts  of  these  missUss  have  been  recom- 
missioi^  for  upcoming  tests  of  SDI  ground- 
based  weapons  such  as  the  endo-atmospheric 
HEDl.  The  production  costs  for  these  missiles 
would  have  to  be  reduced  substantially  to 
make  thefr  use  in  large  strategic  defense  sys¬ 
tems  affordable,  hut  no  major  improvements 
in  rocket  technology  are  needed  for  ground- 
based  Interceptors,  other  than  a  30  percent  im¬ 
provement  in  speed  for  the  HEDI  missile.  As 
discussed  in  chapter  4.  however,  major  sensor 
development  would  be  necessary  for  these  in- 
terceptOTS. 

Key  Issnes  for  Cbemkal  Rockets.— Chemical 
rocket  development  faces  four  key  issues,  all 
related  to  space-based  deplc^ment  and  all  de- 
rix’ed  from  the  requirement  to  design  and  make 
very  fast  SBIs. 

ConBteU»tioa  Mass.  —The  overriding  issue 
for  SHIs  is  mass.  The  SBIs  must  be  sc  fast 


*Pr»vKiufr  UwU  of  IR  ffuklod  projoctiUo  ourli  m  tho  Homiiif 
Ovorby  EKporimont  offtHiot  •  oiimkUtod  RV  Mid  Um  F-16 
Uunchod  ASAT  Uoi  afsinoi  •  MioUito,  obot  down  mm 
•colorMinf  UrgoU. 


that  a  reasonably  small  number  of  battle  sta¬ 
tions  could  cover  the  entire  Earth.  But.  for  a 
given  paylond.  fa.ster  rockets  consume  much 
more  fuel— the  fuel  mass  increases  roughly  ex¬ 
ponentially  with  the  desired  velocity.  The 
designer  must  compromise  between  many  bat¬ 
tle  stations  with  light  rockets  or  fewer  battle 
stations  with  hea\'ier  rockets.'* 


These  tratle-offs  are  illustrated  In  figure  5- 
2.  which  assumes  a  boo.st-phBse-only  defense 
with  three  hypothetical  rocket  designs:  a  state- 
of-the-art  rocket  based  on  current  technology: 
•  ‘‘realistic”  design  based  on  impriAemcnts 
in  rocket  technology  that  seem  plausible  by 
the  inid- 1 990s;  and  an  ‘‘optimistic”  design  that 
assumes  major  iroprovemonts  in  all  areas  of 
rocket  development.  The  key  parameters  as- 
aumed  for  SBI  rocket  technology  appear  in  the 
classified  version  of  this  report.  In  all  cases 
analyzed,  CTA  assumed  the  rockets  to  be 
“ideal":  the  mass  ratio  of  each  stage  is  the 
same,  which  produces  the  lightest  possible 
rocket."  The  first  chart  in  figure  5-2a  shows 
that  rochet  mass  increases  exponentially  with 
increasing  velocity,  limiting  practical  SBI  ve¬ 
locities  to  the  5  to  8  km/s  range  for  rockets 
weighing  on  the  order  of  iOO  kg  or  less. 


For  analytic  purposes.  OTA  has  considered 
constellations  of  SBIs  that  would  be  necessary 
to  intercept  virtually  100  percrot  of  postulated 
numbers  of  ICBMs.  It  should  be  noted  thst 
suKe  the  system  mrchitecturesnslysee  of 1986, 
SDIO  hss  not  seriously  considered  deploying 
SBIs  thst  would  sttempt  to  intercqyt  any¬ 
where  near  100  percent  of  Soviet  ICBMs  and 
PBVs.'*  This  OTA  aiislysis  is  intended  only 
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togivesfeel  for  the  parameters  and  trsde-offs 
involved  in  a  system  with  SBIs. 

Deployment  of  a  system  of  “sUtoof-the-art" 
SBIs  intended  to  provide  100  percent  cover¬ 
age  of  Soviet  ICBMs  would  entail  1 1.7  million 
kg  of  CV.*;  waiting  for  the  development  of  the 
“realistic”  SBI  would  reduce  the  mass  to  ot- 
bit  by  a  factor  of  two. 

Figure  5-2b  shows  the  number  of  SBI  car¬ 
rier  platforms  and  figure  6-2c  shows  the  num¬ 
ber  of  SBIs  for  a  100  percent-boost-phase  de¬ 
fense  as  a  function  of  SBI  velocity.  The  last 
chart  (fig’ire  6-2d)  shows  the  total  constella¬ 
tion  mass  as  a  function  of  velocity.  The  num¬ 
ber  of  eVs  was  calculated  initially  to  optimize 
coverage  of  existing  Soviet  missile  fields:  the 

orbits  of  (Jm  eVs  were  inclined  so  that  the  eVs 

passed  to  the  north  of  the  missile  fields  by  a 
distance  equal  to  the  SBI  fly-out  range."  Each 
CV  therefore  stayed  within  range  of  the  ICBM 
fields  for  a  maximum  period  during  each  orbit 

The  “optii^”  number  of  eVs  resulting  from 
this  calculation  was  so  low  as  to  endanger  sys¬ 
tem  survivability  (see  ch.  111.  calling  for  up  to 
100  SBIs  per  carrier  to  cover  the  existing  So¬ 
viet  ICBM  threat:  such  concentrations  would 
provide  lucrative  targets  for  the  ofiense’s 
ASATs.  To  increase  survivability,  the  num¬ 
ber  of  CV s  was  therefore  increased  by  a  factor 
of  3  for  the  data  in  figure  5-2.  Some  polar  w- 

bits  were  added  to  cover  the  SLBM  threat  from 
northern  waters. 

The  number  of  SBIs  was  calculated  initially 
to  provide  one  SBI  within  range  of  each  of 
1|4()0  Soviet  ICBMs  sometime  during  the 
boost  phase.  The  booster  burn  time  was  taken 
as  siniilar  to  that  of  evicting  Soviet  mlwriles, 
with  a  reasonable  interval  allotted  for  cloud- 
break.  initial  acquisitiim,  tracking,  and  weap¬ 
ons  launch. 

One  SBI  per  booster  would  not  do  for  a  ro¬ 
bust  (approaching  1(X)  percent  coverage)  boost- 
phflae  defense.  A  subctantial  number  of  SBIs 
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Th«  SBI  mass  versus  SBf  vt(oclty.  TMss  data  assum#  100V« 
covarags  of  tha  curant  Soviat  throat  of  1,400  ICBMs.  It  should 
ba  noted  that  the  SDIO  currently  proposes  a  substantially 
lower  level  of  covorapa  for  SBis  Tharafora.  the  absolute  num¬ 
bers  in  the  OTA  calculations  are  not  congrjent  with  SDIO 
plans  Rather,  the  graphs  provided  here  are  Intended  to  show 
the  relationships  among  the  various  factors  considered.  It 
should  also  be  r»oted  that  numerous  cssumptlons  underlying 
the  OTA  analyses  are  unstated  In  this  unclaaaifled  report,  but 
are  avaliablt  In  the  claaalfltd  version. 

iouncs  omc«  of  TacfMotoey  Smtswunt.  tvca 


Figure  Mb.^Numter  of  SetettllM  v.  S#l  Veloelty 


The  number  of  SBI  carrier  satellites  v.  SBI  velocity, 
souncf  ©r  T^chfXXofly  10S8 
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TTe  number  of  tpece-besed  Inlerceptoie  (SBIe)  nquired  to 
provide  one  SBI  within  range  of  each  of  1.400  axlating  Sovlat 
ICBMs  bafort  boosksr  burnout. 

SOURCE  Offtco  of  Tocfmotoov  aiommowt,  ISSS. 


Figure  SM.«-uonio#ll»flon  Iteee  v.  SSI  Veleclly 


The  total  constellation  mass  in  orbit  (SBIs  and  carrier  vehi¬ 
cles,  excluding  sensor  satellites)  v.  SBI  velocity.  The  mini¬ 
mum  constellation  mass  for  the  ^'realistic"  SBI  to  be  In  po¬ 
sition  to  attack  all  Sovlat  boosters  would  be  about  5.3  million 
kg.  Faster  SBis  would  permit  fewer  carrier  vehicles  and  fewer 
SBis,  but  the  extra  propellant  on  faster  SBis  would  raault  In 
a  heavier  constellation.  For  reference,  the  Space  Shuttle  can 
lift  about  14  000  kg  into  polar  orbit,  a  5.3  million  kg  constel¬ 
lation  would  require  aboft  360  Shuttle  launchas,  or  about  130 
•aunches  of  the  proposed  "Advanced  Launch  System"  (ALS), 
assuming  It  could  lift  40.000  kg  Into  near-polai  orbit  at  suit¬ 
able  altitudes. 

SOURCE  Office  of  Technology  AetoMmonf,  19SS 
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would  fail  over  the  years  Just  due  to  electronic 
and  other  component  failures.  The  number  of 
SBIs  in  figure  5-2  was  increased  by  a  plausi¬ 
ble  factor  to  account  for  this  natural  peacetime 
attrition.  In  addition,  during  battle,  some  SBIs 
would  miss  their  targets,  and  presumably^ 
viet  defense  suppression  attacks  would  elimi¬ 
nate  other  CVs  and  draw  off  other  SEIs  for 
self-defense. 

Given  the  above  assumptions.  Igurc  5-2  rep¬ 
resents  the  SB  I  constdlation  for  nearly  100 
percent  coverage  of  the  existing  Soviet  ICBM 
fleet  in  the  boost  phase,  with  modest  surviva¬ 
bility  initially  provided  by  substantial  SB  I 
redundancy,  degrading  to  no  redundant  SBIs 
as  “natural"  attrition  set  in. 

Note  that  for  each  type  of  rocket  there  is  an 
optimum  velocity  that  minimizes  the  total 
mass  that  would  have  to  be  launched  into 
space;  lower  velocity  increases  the  number  of 
satellites  and  SBIs,  while  higher  velocity  in¬ 
creases  the  fuel  mass.  In  OTA’s  analysis,  the 
minimum  mass  which  would  have  tc  be  launch^ 
into  orbit  for  the  “realistic"  rocket  is  5.3  mil¬ 
lion  kg  (or  11.7  million  lb);  the  mass  for  a  con¬ 
stellation  of  “optimistic"  SBIs  would  be  3.4 
million  kg. 

The  data  for  figure  5-2  all  assume  booster 
bum  times  similar  to  those  of  current  Soviet 
liquid-fueled  boosters.  Faster-burning  rockets 
would  reduce  the  effective  range  of  SBIs  and 
would  therefore  increase  the  needed  number 
of  carrier  satellites.  The  same  SB  I  parameters 
are  shown  in  figures  5-3a  and  b  with  an  assump¬ 
tion  of  ICBM  booster  bum  time  toward  the 
low  end  of  current  times.  TTie  miniinum  con¬ 
stellation  mass  has  increase^!  to  29  million  and 
16  million  kg,  respectively,  for  the  “realistic” 
and  "optimistic"  rocket  designs. 

Several  studies  of  “fast-bum  boosters"  con¬ 
cluded  that  reducing  bum-time  would  impose 
a  mass  penalty,  fo  the  Soviets  would  have  to 
off-load  RVs  (or  decoys)  to  reduce  bum  time 
signiiicantly.  But  these  same  studies  showed 
that  there  is  no  significant  mass  penalty  for 
bum  times  as  low  as  120  s.  About  10-20  per¬ 
cent  of  the  payload  would  have  to  be  off-loaded 
for  burn  times  in  the  70  to  90  s  range. 


FIgura  »-3a.-Numbar  of  Frolactilsa  v.  Wl  Valoctty 
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Valoelty  (knVMc) 


Th*  number  of  tp«c*-b«S4d  Inttrctplort  v.  SCI  vtlocity  for 
laduced  booator  bumtima  (wttMn  currently  applied  inch- 
rrotogy). 
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FIgura  5-3b.->tBI  Conslallatlen  Mass  v.  8M  ValoeRy 
(lao  aeeend  buriHI*M) 


Velocity  (knVMc) 


tba  total  conatellatlon  meM  (carrier  vehicles  and  SBIs)  veieus 
SB!  velocity  lor  reduced  booster  bum  times,  assuming  one 
SBI  vrithin  range  of  each  of  1 400  boosters  before  burnout. 

aOUnCEtOtftctarTvCWMlosirAMMdMnl.  M. 

If  the  Soviet  Union  could  reduce  the  bum 
timft  of  its  missiles  below  that  of  any  currently 
deployed  ICBMs,  then  the  total  SBI  constel¬ 
lation  mass  necessary  for  boost-phase  inter¬ 
cept  would  increase:  dramaticaUy.  The  mini¬ 
mum  constellation  mass  to  place  one  SBI 
within  range  of  each  ICBM  during  its  boost 
phase  is  shown  in  figure  5-4  es  a  function  of 
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Plgurt  8-4.— Total  881  Conatallatlon  Mata  In  OibN 
V.  Sooaiar  Sjm  Tkna 


Tha  alfact  of  Soviat  booster  bum  time  on  SBI  constallatlon 
mass.  If  we  consider  40  million  kg  as  a  maximum  concalva- 
bla  upper  bourtd  on  constallatlon  mass  (corrasportdlng  to 
2,800  Shuttle  flights  or  1,000  launches  of  the  proposed  ALS 
system),  then  booster  times  of  120  to  150  seconds  would  se¬ 
verely  degrade  a  10C%-boost-phase  defense  with  chemically 
propelled  rockets.  The  ability  of  smaller  constetlatlons  of  SBIa 
to  achieve  lesser  goals  would  be  analogously  degraded  by 
the  faster  bum  times. 

All  assumptions  are  the  same  at  lor  the  ptevlout  Bgurae, 
except  for  the  bum-out  altitude,  t/hich  .  jrles  with  bum-time, 
souncc  onin  et  Tecivwieer  simsimw.  ma 

booster  burn  time  for  the  three  canonical  rocket 
desigaa. 

The  masses  described  above  for  a  boost* 
phase-only  defense  are  clearly  excessive,  par* 
ticularly  for  a  responsive  Soviet  threat.  Add¬ 
ing  other  defensive  layers  would  reduce  the 
burden  on  boost-phase  defense.  The  next  layer 
of  defense  would  attack  PBVs,  preferably  early 
in  their  flight  before  they  could  unload  any 
RVs. 

A  PBV  or  "bus"  carrying  up  to  10  or  more 
RVs  would  be  more  difficult  to  track  and  hit 
than  a  missile.  A  PBV  has  propulsion  engines 
that  emit  some  IR  energy,  but  this  energy  will 
be  about  1,000  times  weaker  than  that  fi'om 
a  rocket  plume.**  A  PBV  is  also  smaller  and 
less  fragile  than  a  booster  tank.  In  shol,  a  PBV 
is  harder  to  detect  and  hit  with  an  SBI.  How¬ 
ever,  a  PBV  is  still  bigger  and  brighter  than 

'*!%•  fint  tUgu  of  w  ICBM  misfit  radiate  1  millk»  W$r, 
theHcood  eUse  100.000  W/«r,  while  •  PBV  may  emit  only  100 
W/ar.  On  Uw  other  hand,  tha  RV  radiataa  oaiy  6  W/v,  ao  the 
PBV  ia  a  batter  target  than  an  RV. 


an  RV;  sensors  might  acquire  the  PBV  if  its 
initial  trajectory  (before  its  first  maneuver)  can 
be  estimated  by  projecting  the  booster  track. 

The  effectiveness  of  a  combmid^oost  and 
post-boost  defense  in  terms  of  the  percentage 
of  RVs  Ulled  is  estimated  in  figure  5-5  for  the 
"realistic"  SBI  rocket.  The  calculation  as* 
sumes  that  1,400  missiles  resembling  today’s 
large,  heavy  ICBMs  are  spread  over  the  exist¬ 
ing  Soviet  missile  fields. 

The  net  effect  of  attacking  PBVs  is  to  re¬ 
duce  the  number  of  SBIs  needed  to  kill  a  given 
number  of  RVs.  For  example,  to  destroy  85 
percent  of  the  Soviet  RVs  carried  by  ICBMs, 
a  boost-only  defense  system  would  require 
about  26,000  SBIs  in  orbit.  Adding  PBV  in* 
terc^tions  reduces  the  number  of  SBIs  needed 
to  alMut  17,000. 

A  defensive  system  must  meet  the  expected 
Soviet  threat  at  the  actual  time  of  deplf^ment, 
not  today’s  threat.  For  example,  the  Soviet 
Union  has  already  tested  the  mobile,  solid- 
fueled  SS-24  missile,  which  can  carry  10  war* 


Figure  S-5.— Boost  and  Post-Boost  KIN  Effectiveness 
(1,4M  ICBMs  V. ‘‘RmUsUc*’ SBIs) 


Ptreantage  of  raantry  vahiclas  (RVs)  killed  ao  a  function  of 
the  number  of  space^based  interceptors  (SBIs)  deployed  In 
space.  This  calculation  assumes  a  threat  of  1.400  ICBMs 
spread  over  the  Soviet  missile  fields.  The  SBIs  have  a  plau¬ 
sible  single-shot  probability  of  killing  a  booster  and  a  slightly 
smaller  chance  of  killing  a  PBV;  a  aubatantlat  fraction  of  the 
SRis  are  used  for  eelf-defense  (or  are  not  functional  at  the 
time  of  attack). 

•ounce;  orfic*  of  JthneHogt  ABBiBBwiBnt.  tMS 
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heads.  Thtre  is  no  reason  to  doubt  that  the 
Soviets  could  deploy  this  kind  of  missile  in 
quantity  by  the  mid-1990s.  Such  a  fleet  would 
particularly  stress  a  space-based  defense  if  de¬ 
ployed  at  one  or  a  few  sites,  since  more  SBIs 
would  be  needed  in  the  area  of  deployment  con¬ 
centration. 

The  effects  on  the  combined  boost  and  post¬ 
boost  defense  of  clustering  500  shorter-bum¬ 
time,  multiple-warhead  missiles  at  three  exist¬ 
ing  SS-18  sites  are  shown  in  figure  5-6a.  It 
would  take  about  23,000  SBIs  to  stop  85  per¬ 
cent  of  these  5,000  warheads.  If  the  assumed 
500  ICBMs  were  concentrated  at  one  site  (but 
still  with  10  km  separation  to  prevent  “pin- 
down”  by  nuclear  biirsts),  then  30,000  SBIs 
would  be  needed  (see  fig.  5-6b).'* 

Finally,  the  Soviets  might  deploy  200  (or 
more)  current-technology,  sini^e- warhead  mi» 
siles  at  one  site,  as  shown  in  figure  5-7.  In  this 
case,  no  reasonable  number  of  SBIs  could  in¬ 
tercut  85  percent  of  these  2(X)  extra  warheads 
(50,000  SBIs  in  orbit  would  kill  70  percent). 
Twice  as  many  RVs  are  destroyed  in  the  post¬ 
boost  period  as  the  boost-phase.  Once  this  con¬ 
centrated  deployment  was  in  place,  the  defense 
would  have  to  add  about  185  extra  SBIs  and 
their  associated  CVe  to  achieve  a  50  percent 
probability  of  destroying  each  new  ICBM  de¬ 
ployed. 

SB  I  Projectile  Mass.— The  constellation 
masses  shown  above  assume  that  the  mass  of 
the  smart  SBI  projectile  (including  lateral  di¬ 
vert  propulsion,  fuel,  guidance,  sensor,  com¬ 
munications.  and  any  lethality  enhancer)  can 
be  reduced  to  optimistic  levels.  Current  tech¬ 
nology  for  the  various  components  would  re¬ 
sult  in  an  SBI  with  a  rdativ^  hi^  mass.  Thus 
mass  reduction  is  t  ssential  to  achieve  the  re¬ 
sults  outlined  above;  total  constellation  mass 
would  scale  almost  directly  with  the  achiev¬ 
able  SBI  mass. 


'*Concentratii  f  600  ioisf  iles  tX  one  site  would  have  disadvan* 
tages  for  an  offensive  attMk:  timing  would  be  complicated  tc 
achieve  simultaneous  attacha  on  widi^  aepavated  U.S.  target^ 
and  Soviet  plennera  may  be  reluctant  to  place  ao  many  of  their 
offensive  forces  in  one  area,  even  if  the  missiles  are  separated 
enough  to  prevent  one  U.S.  nuclear  ezploeioo  from  destroying 
more  than  one  Soviet  missile. 


Rguri  Boost  and  Fost-Boost  KHI  Efftethrontss 
(BOO  ainola>IIV  ICBMs  at  tticaa  altaa) 


The  percantaQO  of  RVt  from  modestly  ahort-bum  ICBMs  Mflad 
as  a  function  of  the  number  of  SBIs  deployed  In  space.  This 
curve  correspends  to  iOO  such  ICBMs  deployed  at  3  exist- 
ing  SS'18  sites.  Alt  SBI  parameters  are  the  same  as  in  previ¬ 
ous  figures. 

SOUnCS:  Office  of  Toefmofogy  Aewwtwnl.  IMS 


FlQiirt  5^-Booat  and  PoatBooat  KNI  EffaettvnoM 
(500  aingle-BIV  ICBMa  at  one  alia) 


This  curve  assumes  that  all  500  shortar-bum  ICBMs  are  de¬ 
ployed  at  one  site  (but  still  with  10  km  separation  to  prevent 
pin-down).  All  other  parameters  are  the  same  as  figure  SOa. 

aouncC:  Office  of  Teeftnotogy  AMeetment,  IMS 


Rocket  SpedBc  Impulse.— Similarly,  the  spe¬ 
cific  impulse  of  the  rocket  prop  ellant  would 
have  to  be  improved  from  oirrent  levels.  The 
sp>ecific  impulse,  expressed  in  seconds,  meas¬ 
ures  the  ability  of  a  rocket  pr(^>ellaub  to  change 
mass  into  thrast.  It  is  defin^  as  the  ratio  of 
thrust  (lb)  divided  by  fuel  flow  rate  (Ib/s). 
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FiQur*  5-7.-Boo«t  and  Fo«c>Boo«l  Kilt  EffactIvmiMa 
(200  *madlum-bum-aoo«t»r"  ICBMs  at  on#  alta) 


0  10  20  30  40 

Numbar  ol  tpaca-basad  imaroaplon  (SBta) 
(ihousandt) 


Parcentaga  of  singla-warhaad  IC6M  RVs  kiMad  as  a  function 
of  number  of  SBis  In  space.  The  200  single-warhead  ICBMs 
are  deployed  at  one  site  with  10  km  separation.  All  SBI  pa¬ 
rameters  are  as  in  previous  figures. 

SOUnCE:  ortic*  of  Tochnofogy  AMOMmont,  1908. 


The  specific  impulse  of  current  propellanto 
varies  from  240  to  270  s  for  bolid  fuel  and  up 
to  390  s  at  sea  level  for  liquid  oxygen  and  liq¬ 
uid  hydrogen  fuel.  Assuming  that  BMD  weap¬ 
ons  would  utilize  solid  fuels  for  stability  and 
reliability,  then  the  specific  impulse  for  cur¬ 
rent  teclmology  would  be  limited  to  the  270-s 
range.**  One  conunon  solid  propellant,  hy¬ 
droxyl-terminated  poly  butadiene  (HTPB) 
load^  with  aluminum,  has  an  impulse  in  the 
260*to-265-s  range.  This  can  be  increased  to 
280  s  by  substituting  beryllium  for  the  alumi¬ 
num.  Manufacturers  of  solid  propellant  say 
that  further  improvements  are  possible. 

Rocket  Mass  Fraction.— Finally,  the  mass 
fraction— the  ratio  of  the  fuel  mass  to  the  stage 
total  mass  (fuel  plus  structure  but  excluding 
pa}'load)— would  have  to  be  raised  to  meet  SDI 
objectives.  Large  mass  fractions  can  be 
achieved  for  very  big  rockets  having  95  per¬ 
cent  of  their  mass  in  fuel.  It  would  be  more 
^fficult  to  reduce  the  percentage  mass  of  struc¬ 
ture  and  propulsion  motor  components  for  veiy 
small  SBI  rockets. 


SBI  dhrert  propulskm  system  in  tiw  finil  prpjactSe  8Ug0 
would  probably  use  liquid  fjel,  and  some  have  suggested  that 
the  second  stage  also  use  liquid  fuel 


The  mass  fraction  can  be  increased  by  re¬ 
ducing  the  mass  of  the  rocket  shell.  New  light¬ 
weight,  strong  materials  such  as  carbon  gr^ih- 
ite  fiber  reinforced  composite  materials  or 
judicious  use  of  titanium  (for  strength)  and  alu¬ 
minum  (for  minimum  mass)  may  permit  in¬ 
creased  mass  fractions  for  future  rockets. 

How  Electromagnetic  Launcfaero  (EMU  Work. 
—Electromagnetic  launchers  or  “railguns"  use 
electromagnetic  forces  instead  of  direct  chem¬ 
ical  energy  to  accelerate  projectiles  along  a  pair 
of  rails  to  very  high  velocities.  The  goal  is  to 
reach  higher  projectile  velocities  than  practi¬ 
cal  rockets  can.  This  would  extend  the  range 
of  KEW,  expanding  their  ability  to  atta^ 
faster-bum  biters  befcHV  b’jm-out.  Whereas 
advanced  chemically  propeUed  rockets  of  rea¬ 
sonable  mass  (say,  less  than  300  kg)  could 
accelerate  projectiles  to  at  most  9  to  10  km/s, 
future  EML  launchers  might  accelerate  smaU 
projectiles  (1  to  2  kg)  up  to  15  to  25  km/s.  SDIO 
has  set  a  goal  of  reaching  about  15  km/s. 

In  principle,  chemical  rockets  could  reach 
these  velocities  simply  by  adding  more  pn^- 
lant.  The  efficiency  of  converting  fuel  energy 
into  kinetic  energy  of  the  moving  projectile  de- 
ueases  with  increasing  velocity,  however  the 
rocket  must  accelerate  extra  fuel  mass  that  is 
later  burned.  A  projectile  on  an  ideal,  staged 
rocket  could  be  accderated  to  16  km/s,  but  only 
17  percent  of  the  fuel  energy  woiild  be  con¬ 
verted  into  kinetic  energy  of  the  projectile, 
down  from  26  percent  efficiency  for  a  12  km/s 
projectile.  Since  a  railgun  accelerates  only  the 
projectile,  it  could  theoretically  have  higher 
energy  efficiency,  which  would  translate  into 
less  mass  need^  in  orbit. 

In  practice,  however,  a  railgun  system  would 
not  l^ely  weigh  less  than  its  chemical  rocket 
counterpart  at  velocities  below  about  12  km/s, 
since  railgun  system  efficiency  would  probably 
be  on  the  order  of  25  percent  at  this  velocity.** 

'This  assumes  50  percent  c^fidency  for  converting  fuel  (the^ 
mall  energy  into  electridty,  90  percent  efndency  in  the  pulse 
forming  networic,  and  66  percent  rail  efficiency  in  convoting 
electrical  pulses  into  projectile  kinetic  energy.  The  SDIO  has 
a  goal  of  reaching  40  percent  overall  EML  system  efficiency, 
but  this  would  require  the  developnMnt  of  very  high  tempera¬ 
ture  <2,0u0  to  2.500**  K)  nuclear  reactor  driven  turbines.  The 
total  systra  mass  might  still  exceed  that  of  a  comparable  chem* 
Seal  rocket  sjmtem. 


Therefore  a  railgun  system  would  have  to  carry 
as  much  or  more  fuel  than  its  chemical  rocket 
equivalent— ir  addition  to  a  massive  rocket- 
engine  generator  system,  an  electrical  pulse¬ 
forming  network  to  produce  tue  proper  elec¬ 
trical  current  pulses,  and  the  rail  itself. 

The  conventional  “railgun*’  (see  figure  5-8) 
contains  a  mo>'iag  projectile  ccnstrained  by 
two  conducting  but  dectrically  insulated  rails. 
A  large  energy  source  drives  dectrical  current 
dov.  n  one  rail,  throu^  the  back  end  of  the  mov- 
ing  projectile,  and  back  through  the  other  rail. 
This  closed  circuit  of  current  forms  a  strong 
magnetic  field,  and  this  field  reacts  with  the 
current  flowing  through  the  projectile  to  pro¬ 
duce  a  constant  outwu^  force.  The  projectUe 
therefore  experieiices  constant  acceleration  as 
it  passes  down  the  rail. 

The  final  velocity  of  the  projectile  is  propor¬ 
tional  to  the  current  in  the  rail  and  the  square 
root  of  the  rail  length;  it  is  inversely  propor- 


Cummsow 


Schematic  of  an  electromagnetic  launcher  (EML)  or  “Rail- 
gun."  In  operaticn,  a  atronp  pulse  of  electrical  current  forms 
a  circuit  with  the  conducting  rails  and  the  projectile.  This  cur¬ 
rent  loop  generates  a  magnetic  field.  The  Interaction  of  this 
field  with  the  current  passing  through  the  moving  projectile 
produces  a  constant  outward  force  on  the  projectile,  acceler¬ 
ating  it  to  high  velocities. 


souacc:  Offic*  of  Tocnootogy  AMMWnont,  1988. 


tional  to  the  square  root  of  the  projectile  mass. 
High  velocity  calls  for  very  high  currents  (mil¬ 
lions  of  am{«res),  long  redls  (hundreds  of  m), 
and  very  li|;ht  projectiles  (1  tc  2  kg). 

For  the  HMD  mission,  the  projectile  must 
be  “smart”.  That  isdt  must  have  all  of  the  com¬ 
ponents  of  the  chemically  propelled  SBIs:  a 
sensor,  inertial  guidance,  communications,  di¬ 
vert  propulsion,  a  computer,  and  possibly  a 
lethality  enhancement  device.  The  EML  pro¬ 
jectile  must  be  lighter,  and  it  must  withstand 
Accelerations  hundreds  of  thousands  times 
greater  than  gravity,  compared  to  10  to  20 
“g’s”  for  chemically  propelled  SBIs. 

Researchers  at  Sandia  National  LaboraUny 
have  proposed  another  type  of  EML  launcher 
which  would  employ  a  series  of  coOs  to  propel 
the  projecUle.  Their  “reconnection  gun”  wotdd 
avoid  passing  a  large  current  through  she  pro¬ 
jectile,  eliminating  the  “arcs  and  sparks”  of 
the  conventional  railgun.  The  term  “reconnec¬ 
tion”  derives  fi-om  the  action  of  the  moving 
projectile:  it  interrupts  the  magnetic  fields  of 
adjacent  coils,  and  then  these  fields  “recon¬ 
nect”  behind  the  projectile,  accelerating  it  in 
the  process. 

Currest  Status  of  EMLs.— Several  commer¬ 
cial  and  government  laboratories  have  built 
and  tested  experimental  raTiguns  over  the  last 
few  decades.  These  railguns  have  fired  very 
smaU  plastic  projectiles  weighing  from  1  to 
2,500  g,  accelerating  them  to  speieds  from  2 
to  11  lon/s.  In  general,  only  the  very  light 
projectiles  reached  the  10  km/s  speeds. 

One  “figure  of  merit,”  or  index,  for  railgun 
performance  is  the  kinetic  energy  supplied  to 
the  projectile.  For  BMD  applications,  SDIO 
originally  set  a  goal  of  a  4  kgprojectQe  acceler¬ 
ate  to  25  km/s,  which  would  have  acquired 
1,250  MJ  of  energy.  SDIO  officials  now  state 
that  their  goal  is  a  1  kg  projectile  at  15  km/s, 
which  would  acquire  113  M  J  of  kinetic  energy. 
The  highest  kinetic  energy  achieved  to  date 
was  2.8  MJ  (317  g  accelerated  to  4.2  km/s),  or 
about  50  to  400  times  less  than  BMD  levels. 

Finally,  there  have  been  no  experiments  with 
actual  “smart”  projectQes.  All  projectiles  have 
been  inert  plastic  solids.  Some  (non-operating) 


Photo  cndit:  Contractor  i>hoto  rotoMOd  by  th&  US.  Dopartrrtoryl  of  Doton»o 

Electromagnetic  launcher. —This  experimental  electro¬ 
magnetic  launcher  at  Maxwell  Laboratories,  Inc.,  San 
Diego,  CA,  became  operational  late  in  1985. 


electronic  components,  including  focal  plane 
arrays,  have  been  carried  on  these  plastic 
bullets  to  check  for  mechanical  damage.  Re- 
suits  have  been  encouraging. 

Key  Issues  for  EMLs.— Much  more  research 
must  precede  an  estimate  of  the  potential  of 
EML  technology  for  any  BMD  application. 
The  key  issues  are  summarized  in  table  5-1. 
There  is  uncertainty  at  this  time  whether  all 
these  issues  can  be  favorably  resolved. 


Tabit  5-1.— Kay  Issuat  for  Elactromagoatic 
Launchers  (EML) 

•  Low-mass  (2  kg  or  less),  high  accelerarion  (several 
hundred  thousand  g)  projectile  development. 

•  High  repetition  rate  rails  (several  shots  per  secor>d  for 
hundreds  of  seconds). 

•  High  repetition  rate  switches  with  high  current  (several 
million  A  versus  750.(XX)  A) 

•  Pulse  power  conditioners  (500  MJ,  5  to  20  ms  pulses 
versus  10  MJ.  100  ms  pulses) 

•  Efficiency 

•  Mass 

•  Heat  dissipation _ 

SOURCE:  Of  tic*  Of  Ttchnotogy  1986 

EML  Projectile.— If  based  on  current  tech- 
nolo^  for  sensors,  inertisl  guidance,  conuuu- 
nications,  and  divert  propulsion  systems,  the 
lightest  ''smart”  projectile  would  weigh  over 
10  kg.  Tne  total  mass  must  shrink  by  at  least 
a  factor  of  5,  and  the  projectile  must  withstand 
over  100,000  g's  of  accderetion.  If  the  projec¬ 
tile  could  only  tolerate  100,000  g'a,  then  the 
railgun  would  have  to  be  1 1 2  m  long  to  impart 
a  15  kWs  velocity  to  the  projectile.  Higher  ac¬ 
celeration  tolerance  would  ^ow  shorter  rail- 
guns.  (200,000  g's  would  allow  a  56-m  long  gun, 
etc.) 

'The  SDIO  has  consolidated  the  development 
of  light-weight  projectiles  for  all  kinetic  energy 
programs  into  the  "Light-weight  Ezo-atmos- 
pheric  Projectile”  (LEAP)  program.  Although 
researchers  first  saw  a  ne^  for  light-weight 
projectiles  for  railguns,  the  primary  initial 
users  of  LEAP  teclmology  are  to  be  the  chem¬ 
ical  rocket  KEW  programs  (SBI,  ERIS, 
HEDI).  The  phase-one  LJi).\P  projectile  would 
weigh  about  5  kg  according  to  current  designs 
(see  figure  5-9),  if  all  component  developments 
met  their  goals.  This  projectile  would  weigh 
too  much  for  any  railgun,  and  it  will  therefore 
not  be  tested  at  high  acceleration.  This  tech¬ 
nology  might  evolve  into  a  2-kg  projectile  by 
the  early  1990s.  In  any  case,  thera  are  no  plans 
now  to  build  a  gun  big  enough  to  test  even  the 
phase-two  2  kilogram  projectile. 

High  Repetitioa  Rate.— A  railgun  would 
have  to  fire  frequently  during  an  attack,  en¬ 
gaging  several  targets  per  second.  The  pen^ty 
for  low  rq>etition  rates  would  be  additirmal  rail- 
guns  in  the  space-based  constdUation  to  cover 


Figur*  S-8.— Ughtwtlght  Homing  Pro|tctllo 
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Illustration  of  planned  projectiles  for  the  Lightweight  Exoatmospherlc  Projectile  (LEAPj  program.  This  program  Is  developing 
projectile  technology  lor  both  the  'ocKet  propelled  and  electromagnetic  launcher  (railgun)  programs.  However,  the  phase  1 
projectile  at  5  kg  and  even  the  more  conceptual  phase  2  projectile  with  a  mass  projection  of  2  kg  are  too  heavy  for  any  existing 
or  planned  rallguns.  There  are  no  plans  to  test  either  projectile  at  the  100,000s  of  g  acceleration  necessary  for  railgun  opera¬ 
tion.  These  projectiles  will  benefit  the  SBI,  ERIS,  and  HEDI  programs. 

SOUnCE:  ome*  of  TecMoloex  XttwtanM.  1SSS 


the  threat.  Most  raUguns  to  date  have  been 
fired  just  once:  the  rails  eroded  and  had  to  be 
replaced  aTter  one  projectile.  Newer  systems 
can  fire  ten  shots  per  day,  and  at  least  one  ex¬ 
periment  htis  fired  a  burst  of  pellets  at  a  rate 
of  10/s.  Researchers  at  the  University  of  Texas 
plan  to  fire  a  burst  of  ten  projectOes  in  1/6  of 
a  second,  or  a  rate  of  GO/s. 


Key  issues  for  high  repetition-rate  guns  are 
rail  erosion,'*  heat  management,  and  hi^di  repe¬ 
tition-rate  switches  to  handle  the  million- 
ampere  current  levels  several  times  p^  second. 
Conventional  high  rq>etition-rate  switches  can 

nul  designs  have  shown  promise  of  minimum  erosion 
is  Uborstory  tests:  it  remains  to  Im  proven  that  rails 'fould  onr^ 
viva  at  weapons-level  speeds  and  repetition  rates. 
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handle  up  to  500  A  today,  although  one  spe¬ 
cial  variable  resistance  switch  tested  by  the 
Army  carried  750,000  A.  An  Air  Force  test  suc- 
cess^Uy  switched  800,000  A,  limited  only  by 
the  power  supply  used.  EML  systems  would 
have  to  switch  1  to  5  million  A. 

EML  Power.— An  EML  would  consume  high 
average  electrical  power  and  very  high  peak 
power  during  each  projectile  shot.  Consider 
first  the  average  power  requirements:  a  1  kg 
projectile  would  acquire  112  MJ  of  kinetic 
energy  if  accelerated  to  15  krais.  Assuming  40 
percent  efficiency  and  5  shots  per  second,  then 
the  EML  electrical  system  would  have  to  de¬ 
liver  280  MJ  of  energy  per  shot  or  1.4  GW  of 
average  power  during  an  attack  which  might 
last  for  several  hundred  seconds.  For  compar¬ 
ison,  a  modem  nuclear  fission  power  plant  de¬ 
livers  1  to  2  GW  of  continuous  power. 

The  SP-100  nuclear  power  system  being  dis¬ 
cussed  for  possinie  space  application  would 
produce  only  100  to  300  kW  of  power.  The  only 
apparent  near-term  potential  solution  to  pro¬ 
viding  2.5  GW  of  power  for  hundreds  of  se¬ 
conds  would  be  to  use  something  like  the  Space 
Shuttle  Main  Engine  (SSME)  coupled  to  a  tur¬ 
bogenerator.  Assuming  50  percent  electrical 
conversion  efficiency,  then  one  could  convert 
the  SSME  10  GW  of  flow  energy  into  5  GW 
of  average  electrical  power  while  the  engines 
were  burning. 

High  average  power  would  not  suffice.  The 
electrical  energy  would  have  to  be  further  con¬ 
centrated  in  time  to  supply  very  short  bursts 
of  current  to  the  rail.gui*.  For  example,  a  112- 
m  long  raUgun  with  100,000-g  acceleration 
would  propel  a  projectile  down  its  length  in 
about  15  milliseconds  (ms)  to  a  final  velocity 
of  15  krais.  The  peak  power  during  the  shot 
would  be  50  GW.'*  And  the  EML  system  de¬ 
signer  would  like  to  shorten  the  112-m  railgun 
length  and  increase  acceleration,  which  would 
mean  further  shortening  the  pulse  length  and 
increasing  peal:  power. 


**Por  a  frame  of  reference,  consider  that  the  total  power  avail¬ 
able  from  the  U.S.  power  grid  is  several  hundred  gigawatts. 
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Several  techniques  are  under  consideration 
to  convert  the  average  power  from  something 
like  the  SSME  into  short  pulses.  One  labora¬ 
tory  approach  is  the  homopolar  generator,  this 
device  stores  current  in  a  rotating  machine 
much  like  an  electrical  generator  and  then 
switches  it  out  in  one  large  pulse.  Existing 
homopolar  generators  can  supply  up  to  10  M  J 
in  about  100  ms;  therefore,  energy  storage  ca¬ 
pacity  must  increase  by  a  factor  of  50  and  the 
pulse  length  shorten  by  a  factor  of  5  to  20. 

EML  Mass  to  Orbit.— The  mass  of  an  EML 
system  based  on  today’s  technology  would  be 
excessive.  A  homopolar  generator  to  supply 
280  MJ  per  pulse  would  weigh  70  toimes 
alone.**  The  raUs  would  have  to  ^  long  to  limit 
acceleration  on  sensitive  “smart”  projectiles, 
which  would  have  to  be  very  strong  (massive) 
to  resist  the  outward  forces  from  the  high  rail 
currents.  The  platform  would  have  to  include 
an  SSME-type  burst  power  generator,  a  ther¬ 
mal  management  system  to  dispose  of  the 
energy  deposited  in  tne  rails,  divert  propulsion 
to  steer  the  railgun  toward  each  target,  and 
the  usual  satellite  communications  and  con¬ 
trol  functions. 

Given  the  early  stage  of  EML  research,  esti¬ 
mates  of  total  platform  mass  could  be  in  error 
by  a  factor  of  10.  At  this  time,  a  total  mass 
of  about  100  tonnes  would  seem  likely,  mean¬ 
ing  that  each  EML  would  have  to  be  launched 
in  several  parts,  even  if  the  United  States  de¬ 
veloped  an  Advanced  Launch  System  (ALS) 
that  could  cany  about  40  tonnes  maximum 
flight  to  high  inclination  orbits.  It  is  conceiv¬ 
able  that,  in  the  farther  term,  superconductive 
electrical  circuits  could  significantly  reduce  the 
mass  of  an  EML.  Lighter  compiilsators  (see 
below)  might  also  reduce  EML  mass. 

Nuclear-Driven  Particles.— A.  nuclear  explo¬ 
sion  is  a  potent  source  of  peak  power  and 
energ:,r.  If  even  a  small  fraction  of  the  energy 
in  a  nuclear  explosion  could  be  converted  into 
kinetic  energy  of  moving  ptuticles,  then  an  ex¬ 
tremely  powerful  nuclear  shotgun  co!ild  be  im- 


'*A88Uiiiing  today**  energy  density  for  homopolar  generators 
of  4  kJ/kg. 
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agined.  These  particles  could  be  used  for  in¬ 
teractive  discrimination  as  described  above, 
since  the  particlej  would  slow  down  light  de¬ 
coys  more  than  heavy  RVs.  With  more  power, 
nuclear-driven  particles  could  conceivably  de¬ 
stroy  targets.  TlJs  concept  is  discussed  in  more 
detail  in  the  classified  version  of  this  report. 

Directed-Energy  Weapons 

Directed-energy  weapons  (DEW)  offer  the 
promise  of  nearly  instantaneous  destruction 
of  targets  hundr^s  or  thousands  of  lun  away. 
While  a  KEW  system  would  have  to  predict 
target  positions  several  minutes  in  the  future 
and  wait  for  a  high  speed  projectile  to  reach 
the  Intended  target,  the  DEW  could— in  prin¬ 
ciple— fire,  observe  a  kill,  and  even  order  a  re¬ 
peat  attack  in  less  than  a  second. 

DEW  Systems 

Although  no  DEW  are  planned  for  phase- 
one  BMD  deployment,  both  ground-bas^  and 
space-based  DEW  systems  are  possible  in  the 
next  century.*'  Candidate  DEW  systems 
include: 

•  free  electron  lasers  (PEL)  (ground-based 
or  space-based), 

•  chemical  lasers  (space-based), 

•  excimer  lasers  (ground-based), 

•  x-ray  laser  (pop-up  or  space-based),  or 

•  neutral  particle  beam  (space-based). 

The  PEL 's  the  primary  SDIO  candidate  for 
'j’ound-based  deployment  (with  the  excimer 
laser  as  a  back-up),  llie  hydrogen-fluoride  (HP) 
laser  and  the  neutral  particle  beam  weapon  are 
the  primary  candidates  for  space-based  DEWs, 
although  a  space-based  PEL  or  other  chemi¬ 
cal  laser  concepts  might  also  be  possible. 

Ground-Based  Pree  Electron  Laser  (GBPEL). 
—A  GBPEL  system  would  include  several 
ground-based  lasers,  "rubber  mirror"  beam  di¬ 
rectors  to  correct  for  atmospheric  distortions 
and  to  direct  the  beams  to  several  relay  mir¬ 
rors  in  high-Earth  orbit,  and  tens  to  hundreds 


“SDIO  asserta  that  some  versions  of  DEW  could  be  depl<^*8cl 
late  in  this  centfuy.  It  is  examining  designs  for  ‘‘entry  level*' 
systems  with  limited  ci^MbUities. 


of  "battle-mirrors”  in  lower  Earth  orbit  to  fo¬ 
cus  the  beams  on  target.  It  would  take  sev¬ 
eral  laser  sites  to  assure  clear  weather  at  one 
site  all  the  time.  Several  lasers  per  site  would 
provide  enough  beams  for  the  battle.  Ideally 
these  lasers  should  be  at  high  altitudes  to  avoid 
most  of  the  weather  and  atmospheric  turbu¬ 
lence.  But  the  PEL,  as  currently  envisioned, 
requires  very  long  ground  path  lengths  for 
beam  expansion  and  large  quantities  oi  power. 

The  logical  location  for  relay  mirrors  would 
be  geosynchronous  orbit,  so  that  the  ground- 
ba^  beam  director  would  have  a  relatively 
fixed  aim  point.  The  effects  of  thermd 
blooming”  may  best  be  avoided,  however,  by 
placing  relay  mirrors  in  lower  orbit:  the  mo¬ 
tion  of  the  laser  beam  throu^  the  upper  atmos¬ 
phere  as  it  follows  the  moving  relay  mirror 
would  spread  the  thermal  energy  over  a  large 
area." 

Adaptive  optics  would  correct  for  atmos¬ 
pheric  turbulence.  The  optical  system  would 
sense  turbulence  in  real  time  and  continuously 
change  the  shape  of  the  beam-director  mirror 
to  cancel  wave-front  errors  introduced  by  the 
air.  A  beacon  would  be  placed  just  far  enough 
in  front  of  the ;  elay  satellite  that  the  satellite 
would  move  to  the  position  occupied  by  the 
beacon  in  the  time  it  took  for  light  to  travel 
to  the  ground  and  back.  A  sensor  on  the  ground 
would  detect  the  distortions  in  the  test  beam 
of  light  fiiom  the  beacon,  then  feed  the  results 
to  the  “rubber  mirror”  actuators.  With  its 
wave  fi'ont  so  adjusted,  the  laser  beam  would 
pass  through  the  air  relatively  undistorted. 


"Thermal  blooming  occurs  when  a  high-power  laser  beam 
passes  through  the  atmosphere,  heating  air  which  disturbs 
the  transmission  of  subsequent  beam  energy.  See  the  sectWi 
below  on  key  DEW  issues  tor  details. 

"For  example,  a  lO-m  diiimeter  kaer  beam  which  tracked  a 
relay  mirror  at  1,000  km  altitude  would  pass  through  a  clean, 
unheated  patch  of  air  at  I  J  km  altitude  after  140  ms.  If  thermal 
blooming  resulted  from  relatively  long>term  heating  over  a  few 
seconds,  then  scanning  across  the  sky  could  ameliorate  its  ef¬ 
fects.  While  beam  energy  at  altitudes  below  10  km  would  take 
longer  than  140  ms  to  move  to  unheated  patches  of  the  atmos¬ 
phere.  lower  altitude  blooming  could  be  more  readily  corrected 
by  the  atmospheric  turbulence  compensatkxi  systems  propoaed 
for  ground  based  lasers:  atmospheric  compensation  works  best 
for  “thin  lens'*  aberrations  close  to  the  lasw  beam  adaptive  mir^ 
ror  on  the  ground. 


This  concept  is  discussed  further  below,  un> 
der  the  heading  of  "Key  DEW  Issues.” 

Table  5-2  compares  the  characteristics  of  cur* 
rent  research  PELs  with  those  needed  for 
BMD  operations,  as  derived  from  elementary 
considerations  in  the  American  Physical  So¬ 
ciety  study.*^  The  key  figure  of  merit  is  beam 
brightness,  defined  as  the  average  laser  out¬ 
put  power  (watts)  divided  by  the  square  of  the 
beam’s  angular  divergence.  Brightness  is  a 
measure  of  the  ability  of  the  laser  beam  to  con¬ 
centrate  energy  on  the  target  (see  figure  5-10). 
Another  important  figure  of  merit  is  the  retar¬ 
get  time— the  time  n^ed  to  switch  from  one 
target  to  another. 


**AEnen£«n  Physical  Society,  op.  ctt,  footnote  1,  chapters  3 
and  5. 


Existing  FELs  equate  in  a  pulsed  mode:  the 
energy  is  bunched  into  very  short  segments, 
as  illustrated  in  figure  5-11  for  the  radio  fre¬ 
quency  linear  accelerator  (RF  liuac)  and  for  the 
induction  linear  accelerator,  two  t)rpes  of  ac¬ 
celerators  proposed  for  the  FEL.  The  power 
at  the  peak  of  each  pulse  is  much  higher  than 
the  average  power.  In  the  proposed  induction 
linac  FEL,  peak  power  might  exceed  average 
power  by  60,000  times.  But  it  is  the  average 
power  that  primturily  determines  weapons  ef¬ 
fectiveness.** 

The  RF  linac  experiments  to  date  have 
produced  10  MW  of  peak  power  at  10  /an  wave- 


**811011  pulsM  of  sDsrgy  may  foatar  eoupling  of  aoargy  into 
a  target,  bowaver,  so  the  avarags  power  roquirod  from  a  pulaad 
laser  could,  in  principle,  be  lees  than  the  average  power  of  a 
continuous  wave  (CW)  laser.  This  will  be  the  subject  of  further 
SDl  reeearth. 


Tid>l«  5-2.^Ch«racttrlstlet  of  a  Qround*Baa#d  FEL  Waapona  Syatam 


Oparattonal  raquiremonts  against 


Free  Electron  Laser .  RF  Induction 

Number  of  laser  sites .  —  ^  5^ 

Wavelength  Uni) .  9  t5  8.800  ,8  to  1.3 

Average  power  <MW) .  .006  .000014  100  to  1^ 

Feak  power  (MW) .  10  1,000^ 

Beam  diameter  (m) .  {4f  (4)  10  to  30 

Brightness  (W/sr) .  3.6  x  10’*  1x10*  several  x  10** 

Peak  brightness  (W/sr) .  6.3x10’'  4.9x10’*  • 

Beam  director 

Diameter  (m) .  (4)  10* 

Number  of  actuators .  (10*)  10*  to  10* 

Frequency  response  (H4 .  10*  hundreds 

Rsisy  mirrors: 

Number  of  mirrors .  —  3,^7 

Oiamete-  (m) .  -  10  or  more 

Altitude  (km) .  —  tona  of  thouaands 

Steering  rite  (retargets/s) .  4.IO 

Battle  mirrors: 

Number  of  mirrors: .  .  —  30-150 

Diameter  (m) . .  (4)  10 

Altitude  (km) .  —  1,0004,0(10 

Steering  rate  (retargets/s) .  — _ _  2-5 


•Op#f«t5oo«<  wnmtt  ar^  takwi  from  Amoncwi  Phytice  Socloty,  Scionc*  and  of  Diraetad^fmgy  Waapona:  fhport  to  ttm  Amanem  PftyakM  Soeiafy 

of  tha  Study  Group,  April  19B7  SWO  diMoroot  with  pom#  of  tlw  numOorp,  but  thpir  dippgipvitipntp  arp  cippptftpd  prtd  mpy  ba  fo«f>d  in  thp  cipppiflod  vorpton  of  tMp 
rppoft.  Fgrthpr.  SOK>  hpp  IdpntifiPd  8MO  mippioop  othpf  than  dppling  with  p  fully  rpppo'ipivp  Sovlot  throat.  An  ••pntry-lovor*  pyptam  (with  a  brtohtnoPO  on  thp  ortfpr 
of  10*^  might  pt  dovpiopod  aariipr  than  th#  on#  with  thp  abova  chprpctmiptica  prtd  wo  .W  hava  Iota  ptrapalrit)  roquiromontp. 

*>Spg.t.pnts  of  a  a^nptpr  pcfvt  mirror  havp  boon  buUt.  and  a  4-mplpr.  7-p#gmpnt  minor  la  undat  conatructloo.  Ppranthpaap  in  thia  tabta  Indicalp  that  tha  nUrrof  fachnQ»o> 
gy  axists.  but  tfa  mirror^  hava  not  yat  baan  intagrptad  with  tha  iaaar. 

Ca  waapont  pyptam  would  raquira  lha  avarpga  powar  lavaia  iistad  abo/a.  fha  FEL  la  a  pulaad  lasar-tha  powar  of  aach  puiaa  ia  much  highar  ttiwt  tha  irarana  powar 
whart  tha  pulaaa  raa  both  on  and  off.  Oapandirtg  on  how  targat?  puiaaa  intaract.  that#  short  pulaaa  might  ba  lachal  avan  with  lewar  ararapa  powar. 

^Pa*  b'ightnaap.  Ilka  paak  powar,  la  not  tha  raiavant  maaaura  of  waapons  lathality. 

•Tha  Amarican  Physical  Soclaty.  op.  cit.,  footnota  a  aatlntatad  thal  brtgh;na«Ma  on  tha  ordar  of  10*»  W/ar  migM  ba  nacaaaary  to  countar  a  raaponalva  throat.  A  tSmatar 
diamatar  mirror  wouid  ba  raquirad  for  tha  lowar  powar  (100MW)  FEL  modulo  to  roach  10**  War  bright naaa.  Tha  mora  probM  ppproach  would  ba  to  oombhra  tha 
baama  from  tan  10-matar  rrtirrorp  in  a  oohararrt  anay. 

SOURCE;  Offksa  of  Tachnoiogy  Aaaaaamant.  Amarican  Physical  So*';laty  Study  Group,  and  Stralagic  Oafanaa  MtlaHva  Orowtizalion.  19S7  Mid  19S8. 


itiii 


I* 


FigiM  5->a-ltlustretlon  of  th*  Itoistlonthlps 
B9tmmry  iMwm  Paranvitom  and  Powor  Dan^ 
Projactad  on  a  Targal 


Utar  o  powar  «  P  (watti) 

Baam  Jiamair  •  D  (malart) 
Divarganca  angia  «  0  (radiant) 

For  a  difiracaon  -lmliad  baam« 

e  «  (X  •  wavaiangth) 

Dhghmaat  »  B 


Powar  dansity  on  targat  «  I  (a«tts/3quara  cm) 


Illustration  of  the  relationships  betvi^n  laser  parameters  and 
power  density  projected  on  a  target.  The  key  figure  of  merit 
for  any  itser  is  its  brightness.  Brightness  measures  the  ability 
of  the  laser  to  concentrate  power  on  a  distant  target.  High 
brightness  requires  high  laser  power  and  low  angular  diver¬ 
gence.  Low  angular  divergence  in  turn  requires  short  wave¬ 
length  and  a  large  beam  diameter.  The  power  density  on  tf  ^ 
get  is  equal  to  the  laser  brightness  divided  by  the  square  of 
the  distance  to  that  target. 

SOUnCE;  otflc*  of  T^c^nolofly  AsMMnwnt.  IttS 


length,  but  cmly  6  kW  of  average  power— which 
would  translate  into  a  brightness  100,000,000 
times  less  than  the  level  needed  for  a  BMD 
weapon  against  hai-dened  Soviet  boosters.** 
This  6*kW  average  power  was  averaged  over 
a  ICO-microsecond  long  “macropulse”  in  a 
given  second. 


‘This  brightness  cakulatioii  assumes  that  the  beam  would 
be  expanded  to  fill  a  state-of-the-art  4-m  diameter  mirror  and 
was  diffraction-limited 


Flgurg  S-11.*-FEL  Wavtfocmt 


Badto  toguincy  UNAC  FR  wavgtocm 


1 1 1 1 1 1 1 1 1 1 

Duty  cycte:  1 1n  400 
Muctton  UNAC  FEL  wavtorm 


Duty  cycle:  Much  lower  than  radio  frequency  LINAC 


Existing  laser  waveforms  from  the  radio  frequency  linear  ac¬ 
celerator  (RF  Hnac)  free  electron  laser  (FEL)  and  the  induc¬ 
tion  linear  accelerator  FEL.  The  laser  tight  Is  emitted  in  very 
short  pulses.  The  peak  power  duHng  these  short  pulses  would 
have  to  be  extremety  high  to  transmit  high  average  power  to 
the  targets.  This  peak  intensity,  particularly  for  the  induction 
linac  FEL.  would  stress  mirror  coatings  and  could  induce 
other  nonlinear  losses  such  as  Raman  scattering  In  the 
atmosphere.  Therefore,  a  weapon-grade  induct ion-iinac  FEL 
would  have  to  have  highei  repetition  rates,  perhaps  on  the 
order  of  10  kilohertz. 

SOunCE  Offic«  of  Toctmolo0y  AMMtmont,  IMS. 


It  should  be  noted,  however,  that  these  ex¬ 
periments  were  not  designed  for  maximum 
average  power.  Lov/  repetition  rates  were  used 
primariliy  for  economic  reasons.  SDIO  scien¬ 
tists  say  that  scaling  up  the  number  of  macro- 
pulses  from  1/s  to  5,000/s  is  not  a  serious  prob¬ 
lem.  If  correct,  this  would  mean  that  30-MW 
average  power  could  be  produced  with  tech¬ 
nology  not  radically  different  from  today’s.  In 
addition,  a  ground-based  weapon  would  use  a 
waveloi^  an  order  of  magnitude  smaller.  The 
brightness  scales  as  the  inverse  of  the  wave¬ 
length  squared.  For  a  given  mirror  diameter, 
then,  if  a  similar  power  output  could  be 
produced  at  a  smaller  wavelength,  and  the  hi^ 
repetition  rate  were  achieved,  the  brightness 
would  only  need  to  be  increased  by  a  factor 
of  about  200  for  30  MW  at  1  foa.  Accomplish- 


»vi«v  r*mr**  l'  $  v* 


of  Al  PMA  »ip#rtm»nt*i  law  —  Thi* 

#n(1  its  l#rpf*  *'IK.Uufr» 

c^•mt)#r  hav9  b^n  conutruct^O  t)y  TPW  at  •  !•»!  sita 
naar  San  Juan  Cap<»t  anc.  CA  Tht  cytindncal  conttg 
wraiK)n  of  Ifw  tatof  daatgn  may  bt  moat 
auitabta  for  baamg  in  ai>aca 


ini;  txnh  mcKlificationn  would  entail  signiHcant 
development  work. 

Spare^Mned  Cbemical  Laaers.— Placing;  high* 
power  laaer*  directly  on  aatellitca  would  elim* 
inate  the  peeda  for  atmoapheric  compensation, 
redundant  lasers  to  avoid  inclement  weather, 
and  relay  mirrors  in  high  orbits;  it  would  also 
reduce  beam  brightness  requirements  by  a  fac* 
tor  of  4  to  10  (depending  on  the  wavelength 
and  atmoapheric  factors)  since  the  atmosphm 
would  not  attenuate  the  beam.*'  These  advan¬ 
tages  are  offset  by  the  engineering  challenge 
of  operating  many  tens  or  hundreds  of  lasers 
autonomously  in  space  and  by  the  possible 
higher  vulnerability  of  lasers  relative  to  battle* 
mirrors. 


*'ihw  ctrv  acuv  MiUmat«d  that  •  •pttcv'baMd  CAMn- 

ical  UwT  tytum.  i  cludtiv  Uanaportatioru  would  coat 
about  to  uma*  Was  than  th#  propoaad  ground  basad  fraa  alac* 
troQ  laasr  waapoo  ayatam. 


The  Is-ser  should  operate  at  short  wavt>length 
(to  kee’i  the  mirror  sizes  small)  and  should  be 
energy  efficient  (to  reduce  the  weight  of  fuel 
needed  in  orbit).  Although  its  wavelength  band 
(near  2.8  sm!  is  rather  long,  the  hydrogen  fluo¬ 
ride  (fIF)  laser  is  the  most  mature  and  most 
effirir-nt  la.ser  available  today.  Table  5*3  com* 
pares  the  characteristics  of  a  potential  high 
performance  Hr  laser  BMD  system  with  the 
current  mid  infrared  chemical  la.eer  (M I RACL) 
(using  deuterium  fluoride,  or  DF)  operating  at 
the  White  Sands  Missile  Range  in  New  Mex¬ 
ico." 

DEW  Techaology 

How  DEW  Work.— Directed  energy  weapons 
would  change  stationary,  stored  energy  from 
a  primary  fuel  source  ipto  a  traveling  beam  of 
energy  that  could  be  directed  and  focused  on 
a  target.  Several  stages  of  energy  conversion 
may  necessary.  The  challenge  is  to  build  an 
affordable,  aurvivable.  and  reliable  machine 
that  can  generate  the  necessary  beam  of 
energy.  Lasers  can  be  driven  by  electrical 
energy,  chemical  energy,  or  nuclear  energy. 

Free  Elet'tron  /..asers.— Through  1987.  the 
SDIO  chos*?  the  FEL  research  program  to  re¬ 
ceive  the  meet  DEW  emphasis  (recently,  SDIO 
has  returned  to  favoring  research  in  space- 
based  chemical  lasers),  llie  FEL  uses  a  rela¬ 
tivistic"  electron  beam  from  an  accelerator  to 
amplify  a  light  beam  in  a  vaaium.  The  key 
advantage  of  the  FEL  is  the  lack  of  a  phyaicaJ 
gain  medium:  all  other  lasers  amplify  light  in 
a  solid,  liquid,  or  gas.  This  gain  medium  must 
be  stimulated  with  energy  to  produce  an  ex¬ 
cited  population  inversion  of  atoms  or  nude- 
cules.  The  fundamental  limitation  with  these 
lasers  is  the  need  to  remove  waste  beat  before 
it  affects  the  optical  transparency  of  the 
medium.  The  FEL  achieves  its  gain  while  pass- 


•niw  SDIO  t«  «Imi  conakWrinit  lower- prfformwKw.  ’’entry 
levr!  »pM'r-b«Awd  rhemic«l  Uiwrii  for  mort-  limited  BMD 

••A  beam  of  |;<irtirle«  i*  deemed  ’’reUtiviatir”  when  It  is  ae* 
eelerated  to  ipeede  comparable  to  a  frection  of  the  tpeed  of  Uicht 
and  acquiree  to  much  energy  that  ita  maaa  befina  to  increaae 
meaaurably  relative  to  ita  real  maaa. 
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Tabic  S-l—CDcrcctoricliet  of  an  HF  Uccf  Weapon*  Syalam 


Estimated  op«rat»onat 
Currant  status _ fsquiramants* _ 


of  laser  sataMitas . 50-150 

Altiti'da  (km)  .  $004,000 

B#am  dismatar  t.n) . 15^  ^0 

Po^ar  (MWt  . Qfaat  jf  than  1  hundreds  (singla  beam) 

Bnghtnass  (W/sO . savaral  x  10’^^  savaral  x  10*’ 

Phfl^ad  array  aitarTrativa 

N  M  beams . .  ^ 

Bearri  diametPf  tm) .  10 

Total  po»?' (MW)  .  .  . 


*wvf  •rvt^  Am^ic»r  a  Soc»«fy  Sc»»nc#  r#i  •'notOQt  O*  0*r*cf»d  in^rgy 
nirirr~r  rr**  Aw^if  «n  ^rtfca  S<x-«wf*  Stuff*  G'tstr  Apni  »a)r  wf>*ch  i;oni«<T»«  of  boo»t«f  hardoott 

H'  •  ’viw  ffwojn  tM  sewo  co^ftnr*%  no*  athmata*  C«fTa«f  SDK)  aai.»«alaa  may  ba  found 

»♦>#  ctM«'*'ad  wKa-o"  pr  »aro»i  ^  add*f*o«  SCaO  Ka»  KJanf^riad  aartiaf  aofry^aval  ayatama  arttb  *tta  alraaains  mia 
tr>ti  'ate  af'»*o*"»g  **o*«»a**'a"f»  aifti  f>^sni''aa*aa  on  fHf  onJa^  tO”  W'af 
^  AMP  p**»n»*  PC’  yaf  »nfav'a*ad  w<fr»  a  ntgn  powo*  taan*  naa  a  dtamafar  of  4  m 
raow*^  'S  pa^'a^-f  baMP  o«a»*fy  f.^  a  muff*  cnagawait  ayatam  wffh  tt>a  p»Maacla»>at*ca  &t  w*a  MinACt  faaar 

O**K0off»c  x>*oay  Aaaaaiimant,  Amancar»ef*fa»c a  Soctafy  Study  Group.  F*d8ff aagfc  Oaf anaa  fort taWaaOsanf 
laNan  ««;  and  «SiS 


ing  through  an  electron  beam  plasma,  no  much 
of  the  “waste  heat”  exits  the  active  region 
along  with  the  electron  beam  at  nearly  the 
speed  of  light. 

Two  types  of  electron  beam  accelerator  are 
currently  under  investigation  in  the  SDIO  pro¬ 
gram:  tire  radio  frequency  linear  accelerator 
tRF  linaci  and  the  induction  linac.** 

In  the  RF  linac,  electrical  energy  from  the 
primary  source  is  fed  to  radio-frequency  gener¬ 
ators  that  produce  an  RF  field  inside  the  ac¬ 
celerator  cavity.  This  field  in  turn  accelerate 
low  energy  electrons  emitted  by  a  special 
source  In  the  front  end  of  the  accelerator.  The 
accelerator  raises  this  electron  beam  to  highw 
and  higher  energy  levels  (and  hence  hi  jher  ve¬ 
locity)  and  they  eventually  reach  speeds  ap¬ 
proaching  that  of  light.  Simultaneously,  the 
electrons  bunch  into  small  packets  in  space, 
corresponding  to  the  peaks  of  the  RF  wave. 

This  relativistic  beam  of  electron  packets  is 
inserted  into  aii  optical  cavity.  There  the  beam 
passes  thirough  a  periodic  magnetic  field  (called 
a  "wiggler”  magnet)  that  causes  the  electrons 


tvppn  of  •I'CfWLtori  are  poaaiMe  for  a  frw  alrctron 
laarr.  auch’a*  the  el«^tfoalatic  acci»iefator  PEL  unuar  invaati* 
gation  at  the  Univeraity  of  California  at  Santa  Barbara,  hut 
the  KF  linac  and  induction  linac  have  been  auigled  out  aa  the 
primary'  candjdataa  for  initial  SDl  rxparimanta. 


to  osciUate  in  space  perpendicular  to  the  beam 
axis.  As  a  result  of  this  transverse  motion, 
weak  light  waves  called  synchrotron  radiation 
are  generated.  Some  of  this  light  travels  along 
with  the  electron  packets  through  the  wiggles 
magnets.  Under  carefully  controlled  condi¬ 
tions,  the  elect! on  beam  gives  up  some  of  ito 
energy  to  the  light  beam.  The  light  beam  is 
then  reflected  by  mirrors  at  the  end  of  the  op¬ 
tical  cavity  and  returns  to  the  wiggler  mag¬ 
net  synchronously  with  the  next  batch  of  elec¬ 
trons.  The  light  beam  picks  up  more  energy 
from  each  pass,  and  eventually  reaches  high 
power  levels.  This  type  of  FEL  is  an  optical 
“oscillator'*:  it  produces  its  own  coherent  light 
beam  starting  from  the  spontaneous  emission 
from  the  synchrotron  radiation. 

As  more  energy  is  extracted  from  the  elec¬ 
tron  beam,  the  electrons  slow  down.  These 
slower  electrons  are  then  no  longer  syn¬ 
chronized  with  the  fight  wave  and  the  peri^c 
magnet,  so  the  optical  gain  (amplification) 
saturate.  To  increase  extraction  efficiency,  the 
wiggler  magnet  is  "tapered”:  the  spacing  of 
the  magnets  or  the  magnetic  field  strength  is 
varied  so  that  the  electrons  continue  in  phase 
with  the  light  wave  and  continue  to  amplify 
the  beam  as  energy  is  extracted. 

For  high-power  weapon  applications,  the 
power  from  an  oscillator  might  be  too  weak: 
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Uic  limit  for  an  RF  linac  FEL  oscillator  is  near 
20  MW.  In  this  case  additional  single-pass  am¬ 
plifiers  can  boost  the  beam  energy.  This  sys¬ 
tem  is  called  a  master  oscillator  power  ampli¬ 
fier  (MOPA)  laser. 

In  the  second  type  of  FEL,  the  induction 
linac,  large  electrical  coils  accelerate  narrow 
pulses  of  electrons.  The  high  energy  electrons 
interact  with  an  optical  beam  as  in  the  RF  linac 
I'EL,  but  the  optical  beam  as  currently  planned 
would  be  too  intense  to  reflect  off  mirrors  and 
recirculate  to  pick  up  energy  in  multiple  passes 
as  in  the  RF  oscillator.  Rather,  all  of  the  energy 
transfer  from  the  electron  beam  to  the  optical 
beam  would  occur  on  a  single  pass.  This  would 
entail  very  high  gain,  which  demands  very  hi^ 
density  electron  beams  and  very  intense  laser 
light  coming  into  the  amplifier.  The  induction 
linac  FEL  therefore  depends  on  an  auxiliary 
laser  to  initiate  the  optical  gain  process;  this 
limits  the  tunability  of  the  induction  linac  FEL 
to  the  wavelengths  of  existing  conventional 
lasers  of  moderately  high  power. 

The  process  of  converting  electron  energy 
into  light  ener^  can  theoretically  approach 
100  percent  efficiency,  although  it  may  take 
very  expensive,  heavy,  and  fragile  equipment.** 
Nevertheless,  the  FEL  could  achieve  very  high 
power  levels,  and,  unlike  other  lasers,  the  RF 
linac  FEL  can  be  tuned  to  different  wave¬ 
lengths  by  changing  the  physical  spacing  or 
field  strength  of  the  wiggler  magnets  or  the 
energy  of  the  electrm  beam.**  Tunability  is 
desfrable  for  ground-based  lasers,  which  must 
avoid  atmospheric  absorption  bands  (wave¬ 
lengths  of  light  absorbed  by  the  air)  if  they  are 
to  reach  into  space. 

Chemical  (HF)  Lasers. -The  HF  laser  de¬ 
rives  its  primary  energy  from  a  chemical  re¬ 
action:  deuterium  and  nitrogen  trifluoride 


"Toul  tyntm  efficiency  would  probably  be  about  20  percent* 
25  peromt  at  beet,  assuming  a  reasmably  optixnietic  50  percent* 
60  perccr^t  efficiency  to  convert  chemical  to  dectrical  energy 
using  a  r<y:ket-driven  turbine,  and  40  percent  efficiency  to  gen¬ 
erate  RF  power. 

•The  wavelength  of  the  FEL  la  proportional  to  the  wiggler 

magnet  apacing  and  inve-aely  pnjpiaiioiul  to  the  aquare  of  the 

eiectroD  beam  energy.  Higher  beam  energies  are  necessary  for 
the  abort  waveiengtha  needed  for  BMO. 


gases  react  in  a  device  resembling  a  rocket  en- 
pne.  Hydrogen  gas  mixes  with  the  combus¬ 
tion  products.  Chemical  energy  raises  the  re¬ 
sulting  HF  molecules  to  an  exdted  state,  from 
which  they  relax  later  by  each  emitting  a  pho¬ 
ton  of  light  energy  in  cme  of  several  wavelength 
lines  near  2.8  in  the  MWIR.  A  pair  of  op¬ 
posing  mirrors  causes  an  intense  beam  of  IR 
energy  to  build  up  as  each  pass  through  the 
excit^  HF  gas  causes  more  ph'>tocs  to  rai- 
ate  in  step  with  the  previously  generat^  light 
wave.**  Some  additional  electrical  energy  runs 
piunps  and  control  circuits. 

Excuner  Laser.— In  an  excimer**  laser,  elec¬ 
trical  energy,  usually  in  the  form  of  an  elec¬ 
tron  beam,  excites  a  rare  gas  halide**  such  as 
krypton  fluoride  or  xenon  chloride.**  These 
gases  then  emit  in  the  ultraviolet  (UV)  region 
of  the  .•«pectrum,  wi  th  wavelengths  in  the  range 
fr'om  .2  to  .36  lan.  This  very  short  wavelength 
pennits  smaller  optical  elements  for  a  given 
brightness.  However,  the  optical  finish  on 
those  UV  optics  would  have  to  be  of  propor¬ 
tionately  higher  quality. 

UItra%dolet  light  is  also  desirable  for  space 
applications,  since  its  high  energy  generally 
causes  more  damage  to  the  surfaces  of  targets 
than  does  that  of  longer-wavelength  visible  or 
IR  light.  One  drawback  is  that  internal  mir¬ 
rors  resistant  to  UV  radiation  damage  are  more 
diffi^t  to  make.  Another  is  that  UV  cannot 
readily  penetrate  the  atmosphere.  Tliese  ob- 
stocles,  combined  with  their  relative  immatu¬ 
rity  and  low  efficiency,  have  relegated  high 
power  exdmers  to  a  back-up  role  to  the  FEL 
for  the  ground-based  BMD  laser. 


■nius  procM.  of  rapMtod  radi.tioD  ia  sUp  to  r»iM  "■tiimi- 
toted  MiiiMioD":  th.  travding  wav,  of  light  atimulatea  tha  as- 
cited  motoeule  to  radtote  with  tha  aama  (diaaa  and  diracthn  aa 
the  stimulating  energy.  The  reaulting  beam  of  light  ia  “coher- 
ant”:  it  can  ba  focuaad  to  a  very  mmII  spot.  Tha  tana  “laaar” 
toderivad  from  the  phraae  "Light  Ampli&atioa  by  atimiil.t.J 
Etoctromagiietic  Radiation." 

-'Eaeimar  ia  abort  for  "asdted  atate  dimar”;  tha  aacitetioa 
of  these  rare  gas  hsiidss  produces  molscutos  that  only  exist  in 
^he  excited  stete.  unlike  other  toeing  media  which  decay  to  a 
ground  state  after  emitting  a  photon  of  light 
•A  "halide"  to  e  compound  of  two  elemente.  one  of  which  is 
a  halogen:  fluorine,  chlorine,  iodine,  or  bromine. 

“Kryptonfluorideprodueeeawavdengtbtooshorttepsne- 
toate  the  atmosphere;  for  ground-baaed  applications,  xenon  chk^ 
ride  would  be  of  interest 


Passing  a  laser  beam  through  a  Raman  gas 
cell  can  improve  its  quality.  This  cell,  t3q)ically 
filled  with  hydrogen  gas,  can  simultaneously 
shift  the  laser  frequency  to  longer  wavelengths 
(for  better  atmospheric  propagation),  combine 
several  beams,  lengthen  the  pulse  (to  avoid 
high  peak  power),  and  smooth  out  spatial  var¬ 
iations  in  the  incoming  beams.  A  low-power, 
high  quality  "seed"  beam  is  mjected  into  the 
Raman  cell  at  the  desired  frequency.  One  or 
more  pump  beams  from  excimer  lasers  supply 
most  of  the  power.  In  the  gas  cell,  Raman  scat¬ 
tering  transfers  energy  from  the  pump  beams 
to  the  seed.  This  process  has  been  demon¬ 
strated  in  the  laboratory  with  efficiencies  up 
to  80  percent. 

X^y  Laser.— A  nuclear  explosion  generates 
tlw  beam  of  an  x-ray  laser  weapon.  Since  this 
type  of  laser  self-destructs,  it  would  have  to 
generate  multiple  beams  to  destroy  multiple 
targets  at  once.  It  has  been  proposed  that  x- 
ray  lasers  would  be  based  in  the  "pop-up” 
mode;  their  launch  rockets  would  wait  near  the 
Soviet  land  mass  and  fire  only  after  a  fuU-scale 
ICBM  launch  had  been  detected.  Since  the  x- 
rays  could  not  penetrate  deeply  into  the  atmos¬ 
phere  unless  self-focused,  the  earliest  applica¬ 
tion  for  the  x-ray  laser  would  likely  be  as  an 
ASAT  weapon. 

Neutral  Particle  Beam  (NPB)  Weapon.— The 
NPB  weapon,  like  a  free  electron  laser,  would 
use  a  partide  accelerator  (see  figure  5-12). 
accelerator,  similar  to  those  employed  in  high 
energy  physics  experiments,  would  move 
charged  hydrogen  (or  deuterium  or  tritium) 
ions  to  high  velocities.  Magnetic  steering  coils 
would  aim  the  beam  of  ions  toward  a  target. 
As  the  beam  left  the  device,  a  screen  would 
strip  the  extra  electrons  off  the  ions,  result¬ 
ing  in  a  neutral  or  uncharged  beam  of  atoms.** 

Unlike  laser  beams,  which  deposit  their 
energy  on  the  surface  of  the  target,  a  neutral 
partide  beam  would  penetrate  most  targets, 
causing  internal  damage.  For  example,  a  100- 
MeV  particle  beam  would  penetrate  up  to  4 


Flourt  S-12.— Schamatic  of  a  Neutral 
Particia  Beam  Weapon 


Schematic  of  a  neutral  panicle  beam  weapon.  Primary  power 
might  be  generated  by  firing  a  rocket  engine,  timllar  to  the 
Shuttle  main  engine,  coupled  to  an  electrical  generator.  Al¬ 
ternately,  the  hydrogen  and  oxygen  could  be  combined  In  a 
fuel  cell  to  produce  electricity.  The  resulting  electrical  cur¬ 
rent  would  drive  the  accelerator  that  would  produce  a  beam 
of  negatively  charged  hydrogen  lone.  This  negatively  charged 
beam  would  be  expanded  ond  directed  toward  the  target  by 
magnets.  Just  before  leaving  the  device,  the  extra  electron 
on  each  hydrogen  Ion  vrould  be  stripped  off,  leaving  a  neu¬ 
tral  particle  beam  that  could  travel  unperturbed  through  the 
earth's  erratic  magnetic  field. 

SOUnCE;  Oiriet  er  Tvctmolbgy  Awaunwit.  ItaS. 

cm  into  solid  aluminum  and  a  200-MeV  beam 
would  deposit  energy  13  cm  deep.**  T^ese 
penetrating  particles  could  damage  sensitive 
circuits,  trigger  the  chemical  high  explosives 
in  nuclear  warheads,  and— at  high  enough  in¬ 
cident  energy  levels^  melt  metal  components. 
Shielding  against  neutral  particle  beams  would 
be  difficult,  imposing  a  large  weight  penalty. 

As  mentioned  in  chapter  4,  the  NPB  may 
be  usable  first  as  an  interactive  discriminator. 
The  beam  of  energetic  hydro^n  atoms  would 
dislodge  neutrons  from  massive  RVs  (the  dis- 


charged  beam  could  oot  be  aimed  reliably,  since  it  would 
be  deflected  by  the  Earth’s  erratic  magnetic  field,  so  the  beam 
must  be  uncharged  or  neutral. 


"See  W.  Barkas  and  M.  Ber,^.  Tables  ot  Energy  Loeaea  and 
Ranges  oiHaavy  Charged  Par  tides,  (WaatnngUm,  DC:  NASA, 
1964), 
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rriminator  NPB  would  presumably  dwell  on 
€  ach  R  V  and  decoy  for  too  short  a  time  to  dam- 
age  the  RV).  Separate  satellites  with  neutron 
detectors  would  determine  which  targets  were 
RVs  and  which  were  light-weight  decoys.  The 
NPB  technology  development  would  be  the 
same  for  the  weapon  and  the  interactive  dis¬ 
crimination  programs,  giving  it  multi-mission 
capability. 

Current  Status  of  DEW.— Directed  energy 
weapons  are  at  various  stages  of  development 
as  discussed  below,  but  none  could  be  consid¬ 
ered  ready  for  full-scale  engineering  develop¬ 
ment  or  deployment  in  the  next  decade.” 

The  characteristics  of  three  potential  DEW 
systems  are  summarized  in  table  5-4.  A  key 
figure  of  merit  is  the  brightness  of  the  beam. 
Precisely  what  brightness  would  destroy  differ¬ 
ent  targets  is  still  under  investigation;  the  SDI 
research  program  is  measuring  target  lethal¬ 
ity  for  different  wavelengths  and  for  different 
classes  of  targets.  The  brightness  levels  of  ta¬ 
ble  5-4  are  derived  from  physical  first  princi¬ 
ples  and  assume  that  the  ^viets  could  con¬ 
vert  their  missiles  to  hardened,  solid-fueled 
boosters  by  the  time  DEWs  could  be  de¬ 
ployed.” 

•^DlOhas  recently  been  considering  “entry-levri”  options 
that  it  currently  considers  feasible  for  phase-two  deplo3nBient. 

•^niO  is  considering  “entry  level’*  DEWs  that  would  have 
much  lower  bri^tness  and  might  be  effective  against  today’s 
more  vulnerable  boosters.  A  synergistic  mix  of  KEW-DEW 
boost-phase  intercept  capability  and  DEW  diacriminatioo  is  be¬ 
ing  considered  by  SDIO  as  possible  parts  of  a  i^iase-two  S3rstein. 


The  Accelerator  Test  Stand  (ATS)  neutral 
particle  beam  experimental  accelerator  at  Los 
Alamos  National  Laboratory  is  the  weapon 
candidate  closest  to  lethal  operating  condi¬ 
tions:  its  brightness  would  need  to  rise  by 
about  a  factor  of  10,000  to  assure  destruction 
of  elert-onics  inside  an  RV  at  tjrpical  battle 
ranges  ;thousands  of  km).  However,  in  this  kill 
mode,  it  may  be  hard  to  determine  whether  the 
electronics  actually  hod  been  destroyed. 
Another  factor  of  10  to  100  might  be  needed 
to  produce  visible  structural  damage. 

The  MIRACL  DF  chemical  laser  operating 
at  White  Sands  has  greater  than  1  megawatt 
output  power,  but  its  relatively  long  wave¬ 
length,  the  challenge  of  unattended  space  oper¬ 
ation,  and  the  uncertainty  of  acaling  this  la¬ 
ser  to  the  power  levels  necessary  for  ballistic 
missile  defense  would  make  a  deployment  de¬ 
cision  now  premature.  The  brightness  of  an  HF 
or  DF  laser  would  have  to  be  increased  by  a 
factor  of  10,000  to  100,000  over  current  levels 
to  be  useful  against  responsivdy  hardened  So¬ 
viet  boosters.  However,  an  “entry-level”  sys¬ 
tem  that  might  be  useful  against  current  boost¬ 
ers  would  entail  an  increase  in  brightness  of 
only  several  hundred  to  several  thousand 
times. 

To  test  some  aspects  of  a  apace-based  HF 
laser,  TRW  is  installing  its^  “Alpha"  laser  ir 
a  large  space-simulation  chamber  near  San 
Juan  Capistrano,  California.  The  Alpha  la^ 
uses  aQrlindrical  geometry  (MIRACL  uses  lin- 


Table  5-4.-  Characteritllct  of  Directed  Energy  Weepone  Agelnet  e  Folly  Reeponelve  Sovlel  Threel* 


PEL— grocnd-based 

HP— space-based 

NPB^space-based 

Primary  energy  source . 

Wavelength  or  energy . 

Required  brightness  (W/sr) . 

Current  brightness  (W/sr)  . . 

..  .Electric 
..  .0.8-1 .3  pm 
...Several  x  10** 

...Several  x  10'* 
(cons'dering 
unintegrated 
components) 

Chemical 

2.7  pm 

Several  x  10** 

Several  x  10****  (potential 
for  about  10** 

If  unintegrated 
components  considered) 

Electric 

100400  MeV 

Several  x  10**  (for 
electronics  Kill) 

10**-10**  (consldsring 
unintegrated 
components) 

Minimum  penetration 
altitude  (km) . 

. .  .About  30 

About  30 

130-170 

•Thi^umtw.  in  Ihi.  tibl.  »•  obi.rwd  Irom  Ih.  Amwicw  Pfiy.ic.1  SocHly.  Scltnc*  ma  Ttctmoloey  oi  mmena  tntrgy  wwpons  fwpw  w 
Society  Stu<ty  Group.  Aprti  1»7.  and  apply  to  an  atfvancad  BMD  ayattm  against  a  rttponsiva  throat.  Tha 

has  (dintillS  oth#r  BMD  missions  lor  which  lowtr  “antry-lmrol"  systams  with  lowar  spacificatlooa  tha  ofdar  of  10"  Wlai)  wotM  ba  abaquata. 
^Assuming  partact  baam  quality  fof  a  ayatam  with  tha  charactartatica  of  tha  MIRACL  iaaar. 

SCXIRCE:  Offica  of  Tachnology  Aaaatamant,  Amafican  Physical  Sociaty  Study  Group,  and  Strataglc  Oalanaa  Initlathrt  OrganlialfOR,  19S7  and  198S. 


ear  flow)  with  the  supersooic  gas  flowing  out¬ 
ward  from  a  central  l.l-rn  diameter  cyOnder 
formed  by  stacking  rings  of  carefully  machined 
nozzles.  The  laser  beam  will  take  the  form  of 
an  annulus  passing  just  outside  the  radially 
directed  nozzles.  A  complex  aspheric  mirror 
system  will  keep  the  laser  beam  within  this  nar¬ 
row  ring.  The  goal  of  this  program  is  to  dem¬ 
onstrate  multi-megawatt,  near-diffraction 
limited  operation  in  1988. 

The  brightness  of  a  4-m  diameter  (the  size 
of  the  Large  Aperture  Mirror  Program  mirror), 
perfect,  diffraction-limited  beam*'  from,  for  ex¬ 
ample,  a  1-M  W  laser,  would  be  over  10'*  watts/ 
steradian  (Wist).  The  Alpha  laser  was  designed 
to  be  scaled  to  significantly  higher  levels  by 
stacking  additional  amplifier  segments.  It 
would  take  a  coherent  combination  of  many 
such  lasers  to  make  a  weapon  able  to  engage 
a  fully  responsive  missile  threat. 

Chemical  lasers  to  meet  a  responsive  Soviet 
missile  tiu^t  would  need  brightnesses  of  10*'- 
JO”  W/s'.  The  level  needed  would  depend  on 
the  target  dweU  and  retarget  times.  These 
times,  in  turn,  depend  on  the  laser  constella¬ 
tion  size  and  geometry,  booster  bum  time  and 
hardness,  and  number  of  targets  which  must 
be  illuminated  per  unit  time.  If  the  Soviets  were 
to  increase  the  number  of  ICBMs  m  a  particu¬ 
lar  launch  area  or  decrease  booster  bum  times, 
then  the  laser  bnghtness  needed  would  in¬ 
crease. 

The  brightness  of  a  ground-based  FEL  would 
have  to  increase  by  a  factor  of  ^  *o  10  to  ac¬ 
count  for  energy  lossv'^s  as  the  uearo  passed 
tlurough  the  atmosphere  and  travelled  to  and 
from  relay  mirrors  in  space.  Several  free  elec¬ 
tron  lasers  have  been  built.  None  has  operated 
within  a  factor  of  100  million  (10*)  if  the  lethal 
brightness  levels  needed  for  a  fully-responsive 
BMD  system.  Part  of  the  reason  is  the  low 
repetition  rate  of  the  pulses  in  experimental 
machines.  For  example,  one  experiment  ran 
with  the  accelerator  operated  at  a  rate  of  one 
electron  beam  pulse  every  two  seconds.  Future 
accelerators  will  probably  increase  this  rate  to 

•‘See  American  Physical  Society,  op.  dt.,  footnote  1,  p.  179. 


thousands  of  pulses  per  second.  This  will  in¬ 
crease  average  brightnesses  accordingly,  al¬ 
though,  as  previously  discussed,  several  more 
factors  of  10  improvement  would  be  needed. 

Lawrence  Livermore  Nations!  LabOTatory  is 
conducting  experiments  with  an  FEL  based 
on  an  induction  linear  accelerator  (linac).  Boe¬ 
ing  Aerospace  is  constmeting  an  RF  linac 
FEL,  bas^  on  technology  developed  by  Boe¬ 
ing  and  Los  Alamos  National  Laboratory. 

Initial  experiments  on  the  Livermore  FEL 
in  1985  produced  microwave  beams  at  8.6  mm 
wavelength  with  peidc  powers  of  100  MW. 
More  recently,  the  peak  power  risen  to  1.8  GW 
(1.8x10*  W),**  although  this  intensity  lasts  for 
only  15  nanoseconds  (16xl0~' s):  the  average 
power  at  the  repetition  rates  of  one  shot  every 
2  seconds  was  only  14  W.  Scaling  to  shorter 
wavelengths  demands  higher  quality  and  very 
high-energy  electron  beams.  Livermore  Lab¬ 
oratory  achieved  FEL  lasing  at  10  ^  in  the 
far  IR  with  its  “Paladin*’  laser  experiment  in 
late  1986.  Boeing  and  a  TRW/Stanford  Uni>^ 
sity  collaboration  have  operated  0.5  ^  visi¬ 
ble  lasers,  but  at  low  average  power  levels. 

The  Boeing  RF  linac  FEL  has  the  advantage 
of  multiple  optical  passes  through  the  wiggler 
of  the  optical  oscillator.  This  means  that  Ugh 
gain  is  not  necessary,  as  it  is  with  single-pass 
induction  linacs.**  The  RF  linac  also  has  more 
tolerance  of  variations  in  electron  beam  qual¬ 
ity  or  emittance.  Hie  emittance  of  the  RF  linac 
electron  beam  could  grow  (i.e.,  deteiorate)  by 
almost  a  factor  of  10  without  deleterious  ef¬ 
fects.  In  contrast,  the  induction  linac  electron 
beam  cannot  increase  in  emittance  by  more 
than  a  factor  of  two  without  degrading  opti¬ 
cal  beam  bri^tness.**  However,  tihere  has 
more  uncertainty  as  to  whether  RF  linacs  could 
be  scaled  to  the  high  current  levels  needed  for 
BMD.  Induction  linacs,  on  the  other  hand. 


•’Andrew  M,  Sessler  tnd  Douglas  Vaughan.  ‘Tree-Electron 
Lasers."  American  Scientist,  vol.  75.  January-February.  1987. 
p.  34. 

•’The  RF  linac  might  require  eingle-pass  ampUfiere  in  addi¬ 
tion  to  their  multi-pass  oedllators  (MOPA  coofiguratioD)  to 
achieve  wespont-d^  power  levels. 

••Private  conunumcatioD,  John  MJ.  Madey.  1987. 
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have  inherently  high-current  capability.  Re¬ 
cently,  the  two  FEL  concepts  have  appeared 
on  the  whole  to  compete  closely  with  one 
another. 

Ezcimer  lasers  have  been  utilized  for  lower 
power  research  and  some  commercial  applica- 
Uons.  The  UV  energy  from  an  ezcimer  laser 
id  generally  more  damaging  than  visible  or  IR 
energy.  However.  UV  light  can  also  damage 
mirrors  and  other  optical  components  within 
the  laser  system,  mdting  high-power  operation 
much  more  di.-.'ficult.  Scaling  to  higher  power 
is  possible,  but  SDIO  has  judged  the  ezcimer 
program  less  likely  to  succeed,  and  has  cut  it 
back.  The  Air  Force  A  SAT  program  is  fund¬ 
ing  continued  ezcimer  laser  research  jointly 
with  SDIO. 

Los  Alamos  National  Laboratory  research¬ 
ers  have  conducted  NPB-related  ezperiments 
on  their  ATS.  They  have  produced  a  current 
level  of  0.1  A  at  5  MeV.  Rocket-bome  tests 
of  parts  of  a  NPB  system  were  planned  for  the 
late  1980s.  The  SDIO  had  planned  a  series  of 
Fall  space  tests  to  begin  in  the  early  1990s,  in¬ 
cluding  a  NPB  accelerator  with  a  target  satel¬ 
lite  Md  a  neutron  detector  satellite  as  part  of 
the  interactive  discrimination  ezperimental 
projjram.  Recently,  scheduling  of  these  tests 
has  been  delayed  due  to  fundi^  constraints. 

Key  DEW  lMue6.--With  such  a  wide  gap  be¬ 
tween  operational  requirements  and  the  cur¬ 
rent  status  of  DEW,  many  key  technical  is¬ 
sues  remain.  DEW  research  over  the  n^xt  10 
to  20  years  could  resolve  some  issues  judged 
crucial  today,  but  could  also  uncover  other,  un¬ 
foreseen,  roadblocks.  Some  of  the  current  is¬ 
sues  of  concern  (large  mirrors,  pointing  and 
trackmg,  and  lethality  measurements)  are 
generic  to  all  laser  systems,  while  others  are 
specific  to  particular  weapon  systems. 

Large  Mirrors.— AH  laser  systems  (ezcept 
the  z-ray  laser)  need  very  large  mirrors  to  fo¬ 
cus  the  beam  to  a  small  spot  at  the  target.** 


••Spot  size  is  inversely  pn^rtional  to  mirror  diameter.  La¬ 
ser  bri^.jtne88.  the  primary  indicator  of  weapon  lethality,  in- 
creased  as  the  square  of  mirror  diameter.  Thus  doubling  the 

mirror  size  from  2  meters  to  4  meters  would  incrcoae  laser  bruefat^ 

ness  by  a  factor  of  4. 


This  is  true  for  both  ground-based  lasers  with 
multiple  relay  mirrors  in  space  and  for  space- 
based  lasers  with  the  mirror  adjacent  to  the 
laser.  lu  either  case,  the  size  of  the  last  mirror 
(closest  to  the  target)  and  its  distance  ^m  the 
target  determine  the  size  of  the  laser  spot  fo¬ 
cused  on  that  target.  To  achieve  the  bright¬ 
ness  levels  of  10”  to  1 0”  Wist  for  BMD  against 
a  fully  responsive  threat,  laser  mirrors  would 
have  to  be  at  least  4  m  (assuming  mirrors  were 
ganged  into  coherent  arrays),  and  preferably 
10  to  20  m,  in  diameter. 

The  largest  monolithic  telescope  mirrors 
today  are  about  5  m  in  diameter  (Mt.  Palomar), 
and  the  largest  mirror  built  for  space  applica¬ 
tion  is  the  Hubble  Space  Telescope  at  2.4  m. 
The  Hubble  or  Palomar  mirror  technologies 
would  not  simply  be  scaled  up  for  SDI  applica¬ 
tions.  The  current  trend  both  in  astronomy  and 
in  military  applications  is  to  divide  large  mir¬ 
rors  into  smaller  segments.  Electro-mechan¬ 
ical  actuators  within  the  mirror  segments  ad¬ 
just  their  optica]  sui  faces  so  that  they  behave 
as  a  Ringle  large  mirror. 

Even  for  these  segments,  direct  scaling  of 
old  miiTor  manufacturing  techniques  naing 
large  blocks  of  glass  for  the  substrate  is  not 
appropriate;  these  mirrors  must  weigh  very  lit¬ 
tle.  They  must  be  polished  to  their  prescribed 
surface  figure  within  a  small  fraction  of  the 
wavelengths  they  are  designed  to  reflect. 
Brightness  imd  precision  make  opposite  de¬ 
mands:  usually,  a  thick  and  relatively  heavy 
substrate  is  necessary  tc  keep  good  surface  fig¬ 
ure.  SDIO  has  developed  new  technologies  to 
reduce  substrate  weight  substantially. 

Two  segments  of  a  3-segment.  3-m  mirror 
(HALO)  have  been  built.  The  7-segment,  4-m 
minpr  (LAMP)  is  now  assembled  and  currently 
being  test^.  One  segment  of  a  10-m  mirror 
is  to  be  built  by  1991,  but  there  are  no  current 
plans  to  assemble  a  complete  10-m  miircr.  Re¬ 
cently,  the  SDIO  has  begun  tests  of  the  light¬ 
weight  LAMP  mirror,  designed  for  space- 
based  lasers. 

Durable,  hi^-reflectivity  minxv  coatings  are 
essential  to  prevent  high  laser  powir  'from 
damaging  the  mirrors.  The  largest  mirror  that 
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ha3  been  coated  with  a  multi-layer  dielectric 
coating  to  withstand  high  energy-density 
levels  is  1.8  m  in  diameter.  Multi-layer  dielec¬ 
tric  coatings  are  generally  optimized  to  pro¬ 
duce  maximum  reflectivity  at  the  operating 
wavelength.  Their  reflectivity  at  other  wave¬ 
lengths  is  low  (and  transmission  is  hi^),  mean¬ 
ing  that  off-wavelength  radiation  from  another 
(enemy)  laser  could  penetrate  and  damage 
them.**  These  coatings  may  also  be  suscepti¬ 
ble  to  high-energy  particle  damage  in  space, 
either  natural  or  man-made. 

Fin^y,  the  optical  industry  must  develop 
manufacturing  techniques,  infrastructure,  and 
equipment  to  supply  the  hundreds  of  large  mi^ 
rws  for  BMD  DEW  deployment.  Tlie  SDI  re¬ 
search  program  has  targeted  mirror  fabrica¬ 
tion  as  a  key  issue,  and  progress  has  been  g^ 
in  the  last  few  years.  Techniques  have  been 
d^eloped  to  fabricate  light-we^t,  segmented 
mirrors  with  hollow-cored  substrates  and  ac¬ 
tuators  to  move  each  segment  to  correct  for 
surface  figure  errors. 

These  active  mirrors  could  correct  both  for 
Iwge-'icale  manufacturing  mors  and  for  (^>era- 
tion  J  changes  such  as  distortions  due  to  ther¬ 
mal  warping.  They  couid  even  ccarect  for  broad 
phase  errors  in  the  laser  beam.  Tlie  price  would 
be  added  complexity.  A  complex  electro-mechau- 
icai-optical  servo  system  wou  Id  replace  a  sim¬ 
pler  static  mirror.  And,  to  make  the  necessary 
corrections,  another  complex  wave-front  detec¬ 
tion  system  would  measure  the  phase  distor¬ 
tions  of  the  laser  beam  in  real  time. 

^  With  reliable  active  mirrors,  it  might  be  pos¬ 
sible  to  coherently  combine  the  output  energy 
from  two  or  more  lasers.  The  bri^tness  of  *‘N” 
lasers  could  theoretically  be  increased  to 
tim^  that  of  a  single  laser  with  this  coherent 
addition.  (See  section  below  on  chemical  lasers 
for  more  details.) 


"Dielectric  coaUngs  an  nomiotUy  tnuumissive  off  the  nam 

waveiensth  basd,  but  then  an  alwaya  defects  and  absorbing 
CfintflTB  tiult  ftbsort)  BOBtgy  pasaus^  throu^lfa,  often 
age  and  blow-c  ff.  At  beat  the  tranamitted  energy  would  be  de- 
poeited  in  the  aubatrate.  which  would  than  have  to  be  deMrignurf 
to  handi**  the  high  power  density  of  offenaiva  laaera. 


Pointing,  Tracking  and  Retargeting  Issues. 
-~A  DEW  beam  must  rapidly  switch  from  one 
target  to  the  next  during  a  battle.  Assuming 
that  each  DEW  battle-station  within  range  of 
Soviet  ICBMs  would  have  to  engage  2  ICBMs 
per  second/’  then  the  beam  would  have  to  slew 
between  targets  in  0.3  s  to  allow  0.2  s  of  ac¬ 
tual  laser  dwell  time.  In  addition,  the  mirror 
would  have  to  move  constantly  to  keep  the 
beam  on  the  target:  the  target  would  move  1.4 
km  during  0.2  s  exposure,  and  the  beam  would 
have  to  stay  within  a  20-  to  30-cm  diameter 
spot  on  the  moving  target. 

Lvge  10-  to  30-meter  mirrors  could  move 
continuously  to  track  the  general  motion  of  a 
threat  cloud,  but  jiunping  several  degrees  to 
aim  at  a  new  target  in  0.3  s  would  be  rather 
difficult.^*  One  solution  would  be  to  steer  a 
sm^er,  lighter-weight  secondary  mirror  in  the 
optics  train,  leaving  the  bigprimaxy  mirror  sta¬ 
tionary.  This  approach  would  yield  cmly  limits 
motion,  since  the  beam  would  eventually  walk 
off  the  primapr  mirror;  in  addition,  the  sm^er 
second  ary  mirror  would  be  expraed  to  a  higher 
laser  intensity,  making  thermal  damage  more 
difficult  to  avoid. 

Alternatively,  small-angle  adjustments 
could  be  made  with  the  individual  mirror  seg¬ 
ments  that  would  constitute  the  primary  mir¬ 
rors.  These  imrror  segments  would  probably 
have  mechanical  actuators  to  correct  for  gross 
beam  distortions  and  thermal  gradienbinduced 
miiTOT  warpage.  Again,  moving  individual  mir^ 
ror  segments  would  produce  only  limited  an¬ 
gular  motion  of  the  total  beam.^* 


a  User  bAttle^sUtion  fleet  0X120,  perhiqM  10  to  12  would 

be  inthin  ran^  of  the  niseile  Mds.  Asaumtiig  that  average 
Soviet  booster  bum  Umeu  were  in  the  range  of  130  eeoo^  by 
the  time  a  DEW  lystem  could  be  ve|do>^  and  allowing  30 
aeconda  for  cloud  break  and  initial  track  determination,  then 
each  DEW  platform  in  the  battle  space  would  have  to  engage 
an  av^age  of  about  130  ICBMs  in  100  aeconda.  This  required 
targeting  rate  of  about  L3  per  second  could  be  increased  by 
factors  of  2  to  5  or  more  if  the  Soviet  Ur\ion  decided  to  deploy 
mOTe  ICBMs,  and  if  they  cfmeentrated  those  extra  ICBMc  ct 
one  or  a  few  aites.  For  t^  discussion,  a  figure  of  2  per  second 
is  taken. 

«^wmg  lequireuMots  can  be  minimiaed  by  using  appropri¬ 
ate  algorithms. 

•Alternate  concepts  are  being  investigated  to  aDow  ratarget- 
ing  at  large  anglea  with  steerable  secondary  mirrors. 


The  iTiirror  servo  system  would  have  to  ac¬ 
complish  these  rapid  steering  motions  with¬ 
out  introducing  excessive  vibration  or  jitter 
to  the  beam.  To  appreciate  the  magnitude  of 
the  steering  problem,  comider  that  a  vibration 
that  displaced  one  edge  of  a  10-m  mirror  by 
1  micrometer  (1  ^m— 40  millionths  of  an  inch 
or  twice  the  wavelength  of  visible  light!  would 
cause  the  laser  to  move  one  full  spot  diameter 
on  the  target.*®  This  small  vibration  would  cut 
the  effective  laser  brightness  in  half.  Allowa¬ 
ble  jitter  is  therefore  in  the  20  nanoradian,  or 
one  part  in  50  million,  range.  Since  any  servo 
.system  would  undoubtedly  exceed  these  jit- 
tOT  limits  immediately  after  switching  to  a  new 
target,  there  would  be  a  resettling  time  before 
effective  twget  heating  could  begin.  This 
resettling  time  would  further  decrease  the  al¬ 
lowable  beam  steering  time,  say  from  0.3  s  to 
0.2  or  0.1  8. 

Noii-inertial  methods  of  steering  laser  beams 
are  under  investigation.  For  example,  a  beam 
of  light  passing  tlmough  a  liquid  bath  which 
contains  a  periodic  acoustical  wave  is  dif¬ 
fracted  at  an  angle  determined  by  the  acousti¬ 
cal  frequency.  By  electronicaUy  changing  the 
acoustical  fr^uency  in  the  fluid,  the  laser  bemn 
could  be  scanned  in  one  direction  without  any 
moving  parts.  Two  such  acousto-optic  modu¬ 
lators  in  series  could  produce  a  full  two- 
dimensioral  scanning  capability. 

Alternatively,  the  laser  beam  could  be 
reflected  off  an  optical  grating  that  diffracted 
it  at  an  angle  that  depended  on  its  wavelength. 
If  the  laser  wavelength  could  be  changed  with 
time,  then  the  beam  could  be  scanned  in  one 
direction.  Most  of  these  non-inertial  scanning 
techniques  could  not  operate  at  weapons  level 
laser  power  without  damage.  Others  place  con¬ 
straints  on  the  laser,  such  as  limiting  tuna- 
bility. 

Approximate  beam  steering  and  retargeting 
levels  are  summarized  in  table  5-5.  These  pa¬ 
rameters  would  vary  with  specifle  weapons  de- 
sifm,  system  architecture,  and  assumed 
tlueats.  In  general,  demands  on  beam  steer- 


**Thi9  assutnes  a  20<m  spot  diameter  on  a  target  1,000  km 
away,  or  an  angular  motion  of  200  nanoradiana. 


Tablt  5-5.— Possibit  Storing  and  Ratargetlng 

Raquframantt  for  Booat-Phaaa  Engagamant 


Retargeting  rate .  2  targets/second 

Retarget  time . 0.1  to  0.2  seconds 

Jitter  resettling  lime .  . 0.1  to  0.2  seconds 

Average  laser  dwell  time .  0.2  seconds 

Laser  angular  beamwidth' .  120  nanoradians 

Allowable  beam  jitter . — . .  20  nanoradians 

•The  dlffr*ct»on.»mlt#d  beam  apraad  for  •  1  iaatr  with  a  lOm  clamatar  mir- 
tor  (•  120  hr 

SOURCE  office  of  Technology  Aaaaaamant.  1968. 

ing  speed  and  precision  would  increase  if  the 
DEW  range  were  extended  (by  d^loying  Wer 
than  the  120  battle  stations  assumed  here,  for 
example),  or  if  the  Soviets  increas^  the  ofl'en- 
sive  threat  above  1,400  ICBMs  with  average 
bum  time  of  130  s  assumed  above. 

Beam  steering  and  retargeting  needs  for 
post-boost  and  midcourse  battle  phases  could 
be  more  stressing  if  boost-phase  leakage  were 
high  md  discrimination  were  not  reasonably 
effective.  Iq  general  there  would  ^  more  time 
for  midcourse  kills,  and  more  DEW  platforms 
would  engage  targets,  but  the  hard-shelled 
RV 8  would  withstand  much  more  laser  irra^- 
ation  and  hence  impose  longer  dv'ell  times. 
Lasers  do  not  appear  likely  candiciates  for  mid¬ 
course  interception  of  RVs. 

A  neutral  particle  beam  weapon  (NPB)  would 
not  have  to  dwell  longer  on  RVs  than  on  boost¬ 
ers  or  PBVs,  since  energetic  particles  would 
penetrate  the  RV.  Without  midcourse  discrimi¬ 
nation,  the  NPB  system  might  have  to  kill 
from  50,000  to  1  ;0(X),000  objects  surviving  the 
boost  phase,  and  a  weapon  platform  would 
ha^’e  to  kill  an  average  of  3  to  50  targets  per 
second.  At  the  other  extreme,  with  effective 
discrimination,  each  NPB  platform  in  the  bat¬ 
tle  might  have  to  engage  o^y  one  RV  or  heavy 
decoy  every  20  8.“ 

Atmospheric  Turbuleace  and  Compcsisation 
for  Thermal  Blooming.— One  current  DEW 
candidate  is  the  ground-based  free  electron  la- 


*' Assume  6,000  RVs,  6,000  haa-’y  dacxfys,  and  10  pereent  laak- 
agcRvm  the  boost  phase  defense.  If  the  discriminatioR  system 
reliably  eliminated  all  light  decoys  and  debris,  then,  with  30 
of  the  120  DEW  platforms  in  the  midcourse  battle,  each  plat¬ 
form  would  engage,  on  the  average,  one  target  every  22.5 
aeconds. 


ser.  The  beam  from  this  laaer  woi'Id  be  directed 
to  a  mirror  in  space  that  would  reflect  the  beam 
to  “fighting  mirrors"  closer  to  the  targets.  The 
laser  beam  would  be  distorted  in  passing 
through  the  atmosphere,  for  the  same  reason 
that  stars  “twinkle.  ’  If  not  corrected,  atmos* 
pheric  distortion  would  scramble  the  beam, 
making  it  impossible  to  focus  with  sufficient 
intensity  to  descroy  ICBM  boosters. 

Tec^qu^  have  been  developed  to  measure 
this  distortion  of  the  optical  wave  fi'ont  and 
to  modify  the  phase  of  low  power  laser  beams 
to  nearly  cancel  the  effects  of  the  turbulent 
atmosphere.  To  correct  distortion,  the  mirror 
is^manufactured  with  a  flexible  outer  skin  or 
with  separate  mirror  segments.  Mechanical  ac¬ 
tuators  behind  the  mirror  surface  move  it  to 
produce  phase  distortions  that  complement 
ph^  errors  introduced  by  the  atmosphere. 
This  "rubber  mirror”  must  continuously  ad¬ 
just  to  cancel  the  effects  of  atmospheric  tur¬ 
bulence,  which  varies  with  time  at  frequencies 
up  to  at  least  140  hertz  (cycles  per  second). 

To  measure  atmospheric  distortion,  a  test 
beam  of  light  must  be  transmitted  tlu-ough  the 
same  patch  of  atmosphere  as  the  high  power 
laser  beam.  For  the  BMD  application,  this  test 
beam  would  be  projected  from  a  point  near  the 
relay  mirror  in  space,  or  a  reflector  near  that 
relay  mirror  would  return  a  test  beam  from  the 
ground  to  the  wave-front  sensing  system.  Sig- 
nal*)  derived  from  the  wave-front  sensor  com¬ 
puter  in  response  to  the  test  beam  would  drive 
the  mirror  actuators  to  correct  the  high-poww 
laser  beam. 

The  wave-front  sensor  must  generate  a  co¬ 
herent  reference  beam  to  compare  with  the  dis¬ 
torted  beam,  as  in  an  interfei'ometei*.  One  tech¬ 
nique,  called  shearing  interferometry,  causes 
two  slightly  displaced  versions  of  the  incom¬ 
ing  distortkl  image  to  interfere.  A  computer 
then  deduces  the  character  of  the  distorted 
wave  front  by  interpreting  the  resulting  inter¬ 
ference  fringes. 

Another  wave-front  sensor  system  under  in¬ 
vestigation  filters  part  of  the  incoming  refer¬ 
ence  beam  to  produce  a  smooth,  undistort^ 
wave  front.  This  clean  wave  front  can  then  be 


combined  with  the  distorted  wave  fr^nt,  pro¬ 
ducing  interference  fringes  that  more  clearly 
represent  the  atmospheric  distortion.  Unfor¬ 
tunately  the  energy  levels  in  the  filtered  wave 
front  are  too  low.  so  an  operational  system 
might  need  image  intensifiers. 

Atmospheric  compensation  of  low  power 
beams  has  been  demonstrated  in  the  labora¬ 
tory  and  in  tests  during  late  1985  at  the  Air 
Force  Maui  Optical  Station  (AMOS)  in  HawaiL 
In  this  test,  an  argon  laser  beam  was  trans¬ 
mitted  through  the  atmosphere  to  a  sounding 
rocket  in  flight.  A  reflector  on  the  sounding 
rocket  returned  the  test  signal  Wave-front  er^ 
rors  generated  on  Maui  drove  a  “rubber  mir¬ 
ror"  to  compensate  for  the  turbulence  experi¬ 
enced  by  a  second  Argon  laser  beam  aimed  at 
the  nxdcet.  A  set  of  detectors  spaced  slnng  the 
sounding  rocket  showed  that  this  laser  beam 
was  corrected  to  within  a  factor  of  two  of  the 
diffraction  limit. 

Successful  atmospheric  compensation  will 
entail  resolution  of  two  key  issues:  thermal 
blooming  and  fabrication  of  large,  multi¬ 
element  mirrors.  As  a  high-power  laser  beam 
heats  the  air  in  its  path,  it  will  create  adHirionsl 
turbulence,  or  “themud  blooming,"  which  will 
distort  the  beam.  At  some  level  this  type  of 
distributed  distortion  cannot  be  correct^  For 
example,  if  thermal  blooming  causes  the  ls»er 
beam  to  diverge  at  a  large  distance  fr^m  the 
last  mirror,  then  the  test  beam  returning  from 
the  relay  satellite  would  also  spread  over  a 
large  area  and  would  not  all  be  collected  by 
the  wave-front  sensor.  Under  these  conditions, 
complete  compensation  would  not  be  possible. 

Laboratory  te;<ts  of  thermal  blooming  were 
plaimed  at  MIT’s  Lincoln  Labs  and  field- 
testing  was  planned  for  early  1989  using  the 
high-power  MIRACL  laser  at  the  White  Sands 
Missile  Range.  The  latter  series  of  tests  is  on 
hold  due  to  lack  of  funding. 

The  mirror  for  a  BMD  FEL  would  need  1,000 
to  10,000  actuators  for  effective  atmospheric 
compensation.**  Experiments  to  date  have 
used  cooled  mirrors  with  a  relatively  small 


"Americaa  Physkai  Sod»ty,  op.  eft.,  footnote  1,  p.  190. 
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number  of  elements,  and  Itek  is  currently 
building  a  large  uncooled  mirror  with  many 
more. 

Nonlinear  optical  techniques  may  offer  an 
alternative  to  the  active-mirror  correction  of 
atmospheric  turbulence.  Laboratory  experi¬ 
ments  at  low  power  have  already  demonstrated 
ber.m  cleanup  by  stimulated  Btillouin  scatter¬ 
ing,  for  example.  In  this  technique,  a  beam  of 
light  with  a  wave  front  distorted  by  the  atmos¬ 
phere  enters  a  gas  cell.  The  beam  passes  par- 
tidly  through  this  gas  and  is  reflected  back 
with  complementary  phase  distortion.  This 
complementary  or  "conjugate”  phase  exactly 
cancels  the  phase  distortions  introduced  by  the 
atmosphere.  The  key  is  to  amplify  the  phase 
conjugate  beam  without  introducing  addi¬ 
tional  phase  errors.  If  perfected,  this  approach 
would  eliminate  moving  mirror  elements. 

T^t  Lethality.— One  term  in  the  DEW  ef¬ 
fectiveness  equation  is  the  susceptibility  of  cur¬ 
rent  and  future  targets  to  laser  and  neutral  par¬ 
ticle  beams.  Current  U.S.  missUe  bodies  have 
been  subjected  to  HF  laser  beams  in  ground- 
based  tests,  and  various  materials  are  being 
tested  for  durability  under  exposure  to  high- 
power  laser  light.”  Laser  damage  varies  with 
spot  size,  wavelength,  pulse  length,  polariza¬ 
tion,  angle  of  incidence,  and  a  large  range  of 
target  surface  parameters,  making  lethality 
test  programs  complex.”  FEL  beams  with  a 
series  of  veiy  short  but  intense  pulses  may  pro¬ 
duce  an  entirely  different  effect  than  continu¬ 
ous  HF  chemical  laser  beams. 


tern.”  The  kiU  assessment  issue  for  NPB  weap¬ 
ons  would  then  become  one  of  hit  assessment: 
the  system  would  have  to  verify  that  the  par¬ 
ticle  beam  hit  the  target. 

FEL.— The  two  types  of  FEL  systems  (in¬ 
duction  linac  and  RF  linac)  face  different  sets 
of  key  issues  (table  6-6).  The  induction  linac 
FEL  has  the  potential  of  very  high  power,  but 
all  of  the  laser  gain  must  occur  on  one  pass 
through  the  amplifier  as  currently  designed. 
(Almost  all  other  lasers  achieve  their  amplifi¬ 
cation  by  passing  the  beam  back  and  forth 
tween  two  mirrors,  adding  up  incremental 
energy  on  each  pass.) 

To  achieve  BMD-relevant  power  levels  on 
one  pass,  the  FEL  beam  diameter  must  be  very 
small,  on  the  order  of  a  millimeter  (mm).  Fur¬ 
thermore,  the  beam  must  be  amplified  over  a 
very  long  path,  on  the  order  of  100  m.  But  a 
millimeter-diameter  beam  would  naturally  ex¬ 
pand  by  diffraction  over  this  long  path  length,** 
so  the  inducrion  linac  must  utdize  the  electron 
be^  to  guide  and  constrain  the  light  beam 
while  it  is  in  the  wiggler  magnet  amplifier, 
much  like  a  fiber  optic  cable.  This  optical  guid¬ 
ing  by  an  electron  beam  has  beer  demon- 


“Th«t  ia,  the  NJfB  woulu  be  designed  to  deliver  -50  J/gm  at 
.  10  J/gm  destroys  most  electraaics  (see  Amer¬ 

ican  Physicai  Society,  op.  dt..  footnote  1,  p.  306.  This  would 
assure  electronics  kill  unless  massive  »hiaMi«g  were  placed 
around  key  components. 

1-mm  beam  of  uncoDstrained  l-mm  liebt  would 
to  120  mm  after  traveling  100  m. 


Measuring  the  lethality  of  low-power  neu- 
trai  particle  beam  weapons  intended  to  disrupt 
electronics  could  be  more  complicated.  Dam¬ 
age  thresholds  would  depend  on  the  electronics 
package  construction.  However,  current  pinna 
call  for  particle  beam  energy  density  wMch 
would  destroy  virtually  any  electronic  sys- 


"In  one  highly  publicized  test  at  the  White  Sands  Missile 
Range.  8  strapped-down  Titan  missile  casing,  pressurized  with 
nitrogen  to  60  pounds  per  square  inch  pressure  to  simulate  flight 
exposure  to  the  megawatt-class 

MIKACL  laser. 

•^Computer  models  have  been  developed  to  help  predict  tar¬ 
get  lethality,  and  these  medeb  wiU  be  refined  and  comilBted 
with  emgoisg  lethality  meomrementa. 


Tabl«  5"6.^Key  Issuat  for  Froo  Elociion  Utors  (FEL) 

For  Induction  linear  accelerator  driven  FEU: 

—Electron  beam  guiding  of  the  optical  beam 
—Generation  of  stable,  high  current,  low-emittance 
•-beams 

—Scaling  to  short  wavelengths  near  1  pm 
—Raman  scattering  losses  In  the  atmosphere 
For  radio  frequency  accelerator-driven  FELs: 

—Scaling  to  100  MW  power  levels 
—Efficiency 

—Mirror  damage  due  to  high  intercavity  power 
-Cavity  alignment 

For  any  FEL* 

—Long  cavity  or  wiggler  path  lengths 
—Sideband  Instabilities  (harmonic  generation) 
—Synchrotron/betatron  Instabilites  (lower  efficiency) 

SOonCE;  Offica  of  Tachhology  AMMwnant,  1968. 
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strated,  but  not  under  weapon-like  FEL  con¬ 
ditions. 

Two  other  disadvantages  derive  from  this 
narrow,  intense  beam  of  light  produced  by  the 
induction  linac  FEL.  First,  the  beam  is  so  in¬ 
tense  that  it  would  damage  any  realizable  mir¬ 
ror  surface.  The  current  plan  is  to  allow  the 
beam  to  expand  by  diffraction  after  leaving 
the  FEL,  traveling  up  to  several  km  in  an 
evacuated  tunnel  l^fore  striking  the  director 
mirror  which  would  send  the  beam  to  the  re¬ 
lay  mirror  in  space. 

A  second  disadvantage  of  such  intense 
pulses  of  light  is  that  they  would  react  with 
the  nitrogen  in  the  atmosphere  by  a  process 
called  “stimulated  Raman  scattering.”  Alx>ve 
a  threshold  power  density,  the  light  would  be 
converted  to  a  different  frequency  which 
spreads  out  of  the  beam,  missing  the  intended 
target.”  Again,  this  effect  could  ameliorated 
by  enclosing  the  beam  in  an  evacuated  tube, 
aUowing  it  to  expand  \mtO  the  power  density 
were  low  enough  for  transmission  through  the 
atmosphere  to  the  space  relay.  On  the  return 
path  to  the  target,  however,  the  beam  would 
have  to  be  focu^  down  to  damage  the  target. 

The  experimental  induction  linac  at  Liver¬ 
more  currently  uses  a  (conventional,  non-FEL) 
laser-initiated  chamiel  to  guide  the  electron 
beam  before  it  is  accelerated.  This  beam  has 
drifted  several  millimeters  laterally  during  the 
FEL  pulse  in  initial  experiments,  severely 
limiting  FEL  lasing  performance  b^ause  the 
electron  beam  does  not  remain  coUinear  with 
the  FEL  laser  beam. 

The  RF  linac  FEL,  as  currently  configured, 
has  shorter  pulse  lengths  (20  picoseconds  v. 
15  nanoseconds  for  the  induction  linac  FEL) 
but  much  higher  pulse  repetition  rates  (125 
MHz  V.  0.5  MHz'*),  giving  it  higher  duty  cy- 


Raman  thresiKJd  for  stimulated  gain  in  nitrogen  gas 
at  one  fan  light  is  about  1.8  MW/cm*.  Above  this  power  den¬ 
sity.  the  atmosphere  becomes  a  single-pass  nitrogen  laser  much 
of  the  beam  energy  is  converted  to  different  (Stokes  and  anti- 
Stdces)  wavelengths  which  diverge  and  cannot  be  focused  on 
the  target 

**The  induction  linac  at  Livermore  could  be  (^wrated  up  to 
1  kHz  for  up  to  10  pulses.  An  operational  linac  FEL  would  have 
a  repetiticm  rate  as  high  as  tens  of  kilohertz. 


cle  and  lower  peak  intensity  for  a  given  out¬ 
put  average  power  level.  It  ia  uncertain 
whether  the  RF  linac  can  be  scaled  up  to  pro¬ 
duce  power  levels  which  seem  probable  for  the 
induction  linac.  By  adding  a  set  of  power  am¬ 
plifiers  in  series,  it  might  be  possible  to  reach 
the  power  needed  for  a  lethal  laser  weapon  with 
an  RF  linac  FEL. 

The  RF  linac  generates  very  high  power 
levels  inside  the  optical  cavity.  Mirror  dam¬ 
age  is  therefore  an  issue,  as  is  the  problem  of 
extracting  energy  out  of  the  cavity  at  these 
high  power  levels.  Cavity  alignment  is  .-ilso  crit¬ 
ical.'  the  mirrors  must  be  automatically  aligned 
to  maintain  path-lengths  within  micrometers 
over  many  tens  of  meters  during  hig^power 
iteration. 

The  RF  linac  currently  has  low  efficiency. 
In  1986,  Los  Alamos  National  Laboratoty  and 
a  TR  W-Stanford  team  demonstrated  cn  energy 
recovery  technique  whereby  much  of  the  un¬ 
used  energy  in  an  electron  beam  was  recovered 
after  the  beam  passed  through  a  wi^er-ampli- 
fier.  In  prindple,  this  energy  could  be  coupled 
back  to  the  RF  generator  to  improve  efficiency 
in  an  operational  system.  At  the  higher  opti¬ 
cal  ener^  levels  envisaged  for  the  amplifiers, 
the  RF  linac  amplifier  should  achie^-e  20  per¬ 
cent  to  25  percent  conversion  efficiency,  mak¬ 
ing  energy  recovery  less  advantageous. 

An  FEL  would  tend  to  be  fragile.  Accelera¬ 
tors  are  notorious  for  demanding  careful  align¬ 
ment  and  control,  taking  hours  of  manual 
^grment  before  operation.  Major  engineer¬ 
ing  developments  in  automatic  sensing  and 
control  would  be  necessary  before  an  FEL 
could  become  an  operational  weapon.  Los 
^amos  is  working  to  automate  its  ATS  par¬ 
ticle  beam  accelerator;  FEL  systems  would 
have  to  incorporate  similar  automation,  with 
the  added  complexity  of  optical,  as  well  aa  ac¬ 
celerator,  alignment. 

An  FEL  may  suffer  fix>m  electron  beam  (e- 
beam)  instabilities.  For  example,  unwanted  lon¬ 
gitudinal  e-beam  excursions  could  create  “side¬ 
band  instabilities,”  in  which  part  of  the  optical 
energy  would  be  diverted  to  sideband  frequen¬ 
cies.  Laser  light  at  these  extraneous  frequen- 


des  could  damage  optical  components  de¬ 
signed  to  handle  high  power  only  at  the  main 
lasing  frequency.  Such  sideband  frequendes 
have  been  observed  in  PEL  experiments.  Lat¬ 
eral  motion  of  the  e-beam,  called  "synchro¬ 
tron/betatron  instabilities”  could  reduce  PEL 
efhdency,  although  calculations  indicate  that 
this  should  not  Im  a  problem. 

Chemical  Laser  Issues.— The  chemical  HP 
laser  has  some  disadvantages  relative  to  the 
PEL.  Its  longer  wavelength  (2.8-^  range) 
would  demand  larger  mirrors  to  focus  the  beam 
on  target.  In  general,  targets  would  reflect  a 
higher  percentage  of  IR  light  than  visible  or, 
particularly,  UV  light.  Hence,  for  a  given  mir¬ 
ror  size,  an  HP  laser  wc’jld  have  to  generate 
7  to  10  times  more  power  than  an  PEL  laser 
operating  at  one  foa,  or  80  to  200  times  more 
power  than  a  UV  laser,  to  produce  the  same 
power  density  at  the  target. 

Chemical  laser  exj^erts  do  not  believe  that 
an  individual  HP  laser  could  be  built  at  rea¬ 
sonable  cost  to  re^ich  the  10*'  to  10**  W/sr 
brightness  levels  neMlsd  for  BMD  against  a 
responsive  threat,  since  the  optical  gain  vol¬ 
ume  is  limited  in  one  dimension  by  gas  flow 
kinetics,  and  by  optical  homogeneity  in  the 
other  directions.  However,  by  combining  the 
outputs  from  many  HP  lasers,  it  might  be  pos¬ 
sible  to  produce  BMD-capahle  HP  arrays  (ta¬ 
ble  5-7). 

These  beams  must  be  added  coherently:  the 
output  from  each  laser  n  .ust  have  the  same  fre- 


Tabla  5-7.— Kev  Issues  for  the  HF  Chsmlcsl  Laser 

Coherent  combination:  (many  MF  laser  beams  would 
have  to  bf$  combined  to  achieve  necessary  power  levels) 

Required  beam  brightness 

againM  a  responsive  threat  . . .  several  x  10**  W/sr* 

Reasonable  HF  Laser  brightness 
fc**  ^  single  la*ge  unit  (10  MW 
p»  *r  and  10-m  mirror) .  8.6  x  10** 

Cohe''ent  Array  cf  seven  10 

M\V/10-m  HF  lasers .  4.2x10** _ 

•Th#  Am^ficwi  Phytical  Soc»«ty.  Scl0nc0  mta  r0ehnotogy  of  DlroctoO-Snorgy 
Woopons:  Ropoft  of  th§  Amortcon  Physicot  Soefoty  StuOy  Group,  April  1987, 
p.  56,  MllmatMl  h«rdn«M  for  •  rMporfslv*  throat  to  bo  WM  In  oxcoM  of  10 
fcj<cm*.  Oivoff  •  ‘ongo  of  2,000  km  anp  A  tfwoll  timo  of  0.2 1,  tho  dortotod  bright* 
noss  Is  opproprlato. 

SOUnCE:  Offlct  of  Torfinelogy  AMOomrtt.  1988. 


quency  and  the  same  phase.**  Controllu:g  the 
phase  of  a  laser  beam  is  conceptually  easy,  but 
^fficult  in  practice— particularly  at  high  power 
and  over  veiy  large  apertures.  Since  an  irncon- 
trolled  HP  laser  generates  several  different  fre¬ 
quencies  in  the  2.6  to  2.9  lun  band,  the  laser 
array  would  have  to  operate  on  one  spectral 
line,  or  one  consistent  group  of  lines. 

Three  coherent  coupling  techniques  have 
been  demonstrated  in  the  laboratory: 

1.  Coupled  Resonators— the  optical  cavities 
of  several  lasers  are  optically  coupled,  so 
they  all  oscillate  in  phase; 

2.  Injection  Locked  Oscillators— one  low 
power  oscillator  output  light  beam  is  in¬ 
jected  into  the  optical  cavity  of  each  laser, 

3.  Master  Osdllator/Power  Amplifier  (MOPA) 
—each  laser  is  a  single-pass  power  amp¬ 
lifier  fed  by  the  same  master  oscillator  in 
paraUel. 

In  one  experiment.  6  CO.  lasers  were  joined 
in  the  coupled  resonator  mode.  With  incoher¬ 
ent  addition,  the  output  wofald  have  been  6 
times  brighter  than  that  of  a  single  laser;  with 
perfect  coupling,  the  output  would  liave  been 
36  times  brighter.  The  experiment  actually 
produced  23.4  times  greater  brightness.  Ex¬ 
periments  are  under  way  to  couple  two  1-kW, 
HF/DF  lasers  (with  the  coupled  resonator  ap¬ 
proach)  and  to  demonstrate  MOPA  operation 
of  two  HF  laser  amplifiers.** 

Neutral  Particle  Beam.— Although  acceler¬ 
ator  technology  is  well  established  for  ground- 
based  physics  experiments,  much  research,  de¬ 
velopment,  and  testing  are  prerequisite  to  a 
judgment  of  the  efficacy  of  a  space-based  par¬ 
ticle  beam  weapon  system.  Key  issues  are  pre¬ 
sented  in  table  5-8. 


**lf  added  ooherently,  the  beam  brightness  d  “N**  lasers  would 
be  times  the  brightness  of  one  laser.  If  the  **N”  lasers 
weiv:  not  coherent*  then  the  brightness  of  the  combination  would 
be  the  sum  or  **N”  times  the  brightness  of  one  laser. 

**Actually.  the  MOPA  experiment  will  utilize  one  amplifier 
with  three  separate  optical  cavities:  one  for  the  master  oscilla¬ 
tor  and  two  for  the  amplifiers.  (Source:  SDI  Laser  Technology 
Office.  Air  Force  Weapons  Laboratcry,  unclassified  briefing  to 
OTA  on  Oct.  7.  1986.) 


Photo  Crpdit:  U  S  Doportmoftt  of  DotooBP. 
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Artist’s  conception  of  a  phased  array  of  laser  Since 
it  may  be  Impractical  to  build  a  single  rr^uie  sp^ce- 
based  chemical  laser  of  a  size  useful  for  ballistic 
missile  defsnse.  scientists  and  engineers  are  exploring 
the  possibility  of  using  several  sir.aller  laser  modules 
th?t  would  be  phase  locked  to  provide  a  single 
coherent  beam.  This  technique  could  increase  the  at¬ 
tainable  power  density  on  a  target  by  a  factor 
of  N*  (instead  of  N  for  incoherent  addition), 
where  N  is  the  number  of  modules. 


Table  S-8.— Neutral  Particie  Beam  issues 


•  'Via  or  isauco.  ^  .  , 

—Beam  divergence:  50  times  Improvement  required 
—Weight  reduction  (50  to  100  tonnes  projected) 

—Kill  assessment  (or  hit  assessment) 

•  Other  issues: 

—  Beam  sensing  and  pointing 

—Duty  factor:  100  times  improvement  required 

—Ion  beam  neutralization  (WVp  efficient) 

-  Space  charge  accumulation 
— ASAT  potential _ _ _ _ — 

SOUnCE  Ottict  o*  Ttchnology  19M 

The  NPl!  ATS  now  at  Los  Alamos  gener¬ 
ates  tJu*  necessary  current  (100  mA)  for  a  NPB 
weapon,  h.*t  at  20  to  40  times  lower  voltap. 
about  100  times  lower  duty  cycle,  and  mth 
about  50  times  more  beam  divergence  than 


would  be  needed  for  a  space-based  weapon.  A 
continuous  ion  source  with  the  necessary  cur¬ 
rent  levels  has  been  operated  at  the  Culham 
Laboratory  in  the  United  Kingdom  with  30-8 
pulses,  but  not  as  yet  coupled  to  an  accderator. 

Researchers  have  planned  a  series  of  ground- 
based  and  space-based  experiments  to  develop 
beams  meeting  NPB  weapons  specifications. 

It  is  possible  that  these  experiments  would  en- 
counLer  unknown  phenomena  such  as  beam  in¬ 
stabilities  or  unexpected  sources  of  increased 
beam  divergence,  but  there  are  no  known  phys¬ 
ics  limitations  that  would  preclude  weapons 
applications. 

High  energy  density  at  the  acceleratw  would 
not  be  sufficient  for  a  weapoa  'Die  beam  would 
have  to  be  parallel  (or  weU-collimated,  or  have 
“l<*w  emittance”  in  accelerator  parlance),  to 
minimize  beam  spreading  and  maT?mize  en- 
ergy  transmitted  to  the  target.  In  general, 
highpr  energy  beams  have  lower  emittance,  but 
some  of  the  techniques  used  to  increase  b^ 
current  might  increase  emittance,  possibly  to 
the  point  where  increased  current  would  de¬ 
crease  energy  coupled  to  the  distant  tar^t. 
With  high  emittance.  the  NPB  would  be  a 
short-range  weapon,  and  more  NPB  weapons 
would  be  necessary  to  cover  the  battle  space. 

The  divergence  of  existing,  centimeter-diam¬ 
eter  particle  beams  is  on  the  order  of  tens  of 
microradians;  this  divergence  would  have  to 
be  reduced  by  expanding  the  particle  beam  di¬ 
ameter  up  to  the  meter  range."  This  large  beam 
would  have  to  be  steered  toward  the  target 
with  meter-size  magnets.  Full-scale  magnetic 
optics  have  not  been  built  or  tested.  However, 
one-third  scale  optics  have  been  built  by  Los 
Alamos  National  Laboratory  and  successfully 
tested  at  Argonne  National  Laboratory  on  a 
50  MeV  beam  line. 

The  weight  of  the  NPB  system  would  have 
to  be  reduced  substantially  for  space-based 
operation.  The  RF  power  supply  alone  for  e 

*>ln  theory,  beam  divergence  decreases  as  the  beam  is 
increased.  In  pracUce.  the  magneU  needed  U>  increase  the  bwn 

diameter  might  add  irregularities  in  transverse  wn  rooUon,  whj^ 

could  contribute  to  increased  beam  divergence;  all  of  the 
theoretical  gain  in  beam  divergence  would  be  achieved. 
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weapon-claM  NPB  would  weijfh  160.000  kg 
1160  tnniws)  if  baspd  on  existing  RF  radar  tech¬ 
nology.*’  Using  solid-state  transistors  and  •e- 
during  the  weight  of  other  components  might 
reduce  RF  weight  about  22  tonnes.**  One  study 
concluded  that  a  total  NPB  platform  weight 
of  100  tonnes  is  “probably  achievable.*’**  Los 
Alamos  scientists  have  estimated  ^at  the 
NPH  platform  weight  for  an  “entiy-  levd."  100- 
MeV*.  NPB  system  could  be  50  tonnes.  Some¬ 
day.  if  high-temperature,  high-current  super- 
conductot  1  became  available.  NPB  weights 
might  be  reduced  substantially. 

Thermal  management  oii  a  NPB  satelUte 
would  be  challenging.  A  NPB  weapon  might 
produce  40  MW  of  waste  heat.**  One  proposal 
is  to  use  liquid  hydrogen  to  dispose  of  this  heat. 
About  4'»  tonnes  of  hydrogen  could  cool  the 
N  PB  for  .500  s.**  The  expulsion  of  hydrogen 
ga.o  would  have  to  be  controlled,  since  even  a 
minute  quantity  of  gas  diffused  in  front  of  the 
weapon  could  ionize  the  beam,  which  would 
then  be  diverted  by  Uie  Earth’s  magnetic  field 
Since  the  hydrogen  gas  would  presumably 
have  to  be  exhausted  out  opposing  sides  of  the 
spacecraft  to  avoid  net  thnial,  it  might  be  dif¬ 
ficult  to  keep  minute  quantities  of  gas  out  of 
the  beam. 

A  state-of-the-art  ion  accelerator  (the 
Ramped  Gradient  Drift  Tube  IdnacI  can  raise 
beam  energy  about  4  MeV  per  meter  of  acceler- 

*^vannuwtub*(Ur«lnaii  Rrpmrarnipiilr  lor  th,  PAVE 
PAWS  ndar  ipiirotlinately  2  ^-W  of  ptnrtr  A 

H  WMpcNi  would  mnH  wi  gvoragw  pemr  of  20  MW  I2il0’ 
••tUi,o»«jmmir»<X)M»V  lnw«»i«cufTwnolO  I  A.  Anourn- 
Inn  «n  pfficioncy  of  2S  pmont  (W)  porrooi  •rroJorator 

vfftri^nry  and  NO  pormt  bo«ni  imiUaUdoUon  offirtrnry)  Ui* 
poww  mipply  would  haw  w  imrau  M  MW  avarac*  powar. 
r-kd  would  wailful  160  umnaa. 

anaunwa  that  Om  RF  powar  U  ffanaratad  witli  I  kW, 
cpmnwrrial  qt  alltv  powm  irwnofoUwo  »M).000  trmiatora  would 
b»  laquind  few  Uw  hypotSaliraJ  60  MW  aupply)  Thaaa  Uansiw 
Uwa  can  only  ba  oparatad  al  I  parcwiH  duty  fartor  Naw  coobnir 
UrhftoloiCy  wtxild  Kavt  U>  ba  davaloptd  to  oparata  at  tba  100 
parrant  duly  fad  or  raqutrad  for  a  NPH  waapon  (Sat  Amarkan 
PhywcaJSondy.op  oi  lontADC#  l.pp  U9aBd  361.tTha^var- 
all  affi-iancy  cd  thorn  powar  auppbaa  would  ba  40  parcant. 
••Ibid  p  IN2 

•*A»wumjna  a  20(i  mA  100  MrV  baam.  NO  fionwnt  nautrali- 
lalnm  rff»riro<*>.  aod  SO  pr.-rant  powar  alnm  afftcianry 
**AaaumtnK  haat  of  vaponxaUoti  only  MSO  J  a),  and  no  lam- 
paratura  nat  in  tba  hydrocan  If  tba  gaa  tamparaUira  war*  al- 
lowad  tu  naa  by  100  K.  than  tba  hydrogan  maaa  could  bt  rw 
ducad  to  about  14  Umnaa. 


ator  length.  At  this  gradient  rate,  a  200-MeV 
beam  would  have  to  be  over  60  m  long.  This 
accelerator  could  be  folded,  but  extra  bending 
magnets  would  increase  weight  and  could  re¬ 
duce  beam  quality.  The  gradient  couL  be  in¬ 
creased,  bui.  if  the  ion  beam  energy  were  in¬ 
creased  in  a  shorter  length,  then  there  would 
be  more  heating  in  the  accelerator  walls.  This 
implies  another  system  trade-off:  reduemg 
lengt  h  in  an  attempt  to  cut  weight  might  even¬ 
tually  reduce  efficiency,  which  would  dictate 
heavier  RF  power  elements  and  more  coolant. 
Again,  future  superconductors  might  amelio¬ 
rate  this  problem. 

The  beam  would  have  to  be  steered  to  inU  • 
cept  the  target.  A  NPB  would  have  two 
vantages  over  laser  beams:  the  convenience  of 
electronic  -teering  artd  a  lesser  need  for  steer¬ 
ing  sccuracy.  Magnetic  coils  could  steer  nega¬ 
tively  charged  hydrogen  ions  before  the  extra 
electrons  wore  strippikl  off.  However,  the  an- 
motion  of  electronic  steering  would  be 
limited:  the  entire  accelerator  would  have  to 
maneuver  mechanically  to  aim  the  beam  in  the 
genera]  direction  of  the  target  cluster.  Like  la¬ 
ser  weapons,  a  NPB  must  have  an  agile  opti¬ 
cal  sensor  system  to  track  targets.  However, 
the  divergence  of  the  N  PB  is  larger  than  most 
laser  beams  (microradians  versus  20  to  60 
nanoradiansl,  so  the  beam  ateering  need  not 
be  as  precise. 

On  the  other  hand,  a  hydrogen  beam  could 
not  be  observed  directlv.  The  particle  beam 
fraction  is  detected  in  the  laboratory  by  plac¬ 
ing  two  wires  in  the  beam.  The  first  wire  casts 
a  shadow  on  tl.e  second  wire  placed  down¬ 
stream.  By  measuring  the  current  induced  in 
this  downstream  wire  as  the  upstream  wire  is 
moved,  the  beam  direction  can  estimated 
to  something  like  6  microradian  accuracy. 

New  techniques  would  be  needed  to  sense 
the  beam  direction  automatically  with  suffi¬ 
cient  accuracy.  One  approach  utilizes  the  fact 
that  about  7  percent  of  the  hydrogen  atoms 
pa.ssing  through  a  beam  neutralization  foil 
emerge  in  a  “metastable  "  excited  state:  the 
electrons  of  these  atoms  acquire  and  maintain 
extra  energy.  Passing  a  laser  through  the  beam 
can  make  these  excited  atoms  emit  light.  The 


ma^mitude  of  this  fluoreeccncc  depends  on  the 
angle  between  the  particle  beam  and  the  laser 
beam.  Thus  the  NPB  direetioii  can  be  deduced 
a:.d  the  beam  boresighted  to  an  appropriate 
optical  tracking  system.  Laboratory  tests  have 
demonstrated  2b0  microradian  accuracy,  com¬ 
pared  to  the  l-microradian  accuracy  neces¬ 
sary.*'  Mi»re  recent  tests  at  ArgOTine  at  50  MeV 
have  yielded  better  rwulta. 

The  current  technique  to  neutralire  the 
hydrogen  ions  is  to  pass  them  through  a  th’n 
foil  or  a  gas  cell.  This  process  strips  off.  iit 
most.  50  pc-cent  of  the  electrons,  cutting  the 
efficiency  of  the  system  in  half  and  thus  in¬ 
creasing  its  weight.  A  gas  cell  is  not  practical 
for  space  applications.  A  stripping  foil  must 
be  extraordinarily  thin  (about  .03  to  .1  gm,  or 
ten  times  less  than  the  wavelength  of  visible 
lightl.  In  the  proposed  NPB  weapon,  a  thin  foil 
1  m  in  diameter  would  have  to  cover  the  out- 
p  It  beam.  Clearly  such  a  foil  could  not  be  self- 
supporting.  but  Los  Alamos  scientists  have 
test^  foils  up  to  25  cm  in  diameter  that  are 
supported  on  a  fine  wire  grid.  Thi#  grid  ob¬ 
scures  about  10  percent  of  the  beam,  but  has 
survived  initial  tests  in  beams  with  average 
power  cloiie  *0  operational  levels. 

Another  beam  neutralization  concept  is  to 
ure  a  powerful  laser  to  remove  the  electrons— a 
technique  that  some  assert  may  yield  W  per¬ 
cent  efficiency.  However,  the  laser  stripping 
process  would  call  for  a  25  MW  Nd:YAG  laser 
(near  weapon-level  power  itself),  and  it  would 
eliminate  the  excit^  state  hydrogen  atoms 
needed  for  the  laser  beam  sensing  technique.** 

Charged  hydrogen  ions  that  escaped  neu¬ 
tralization  might  play  havoc  with  an  NPB  sat¬ 
ellite.  The  accumulation  of  charge  might  se¬ 
verely  degrade  weapon  system  performance  in 
unforeseen  ways,  although  NPB  scientists  are 
confident  that  this  would  not  be  an  issue.**  The 
Experiment  Aboard  Rocket  (BEAR)  ex¬ 
periment  with  an  ion  source  and  the  planned 


Am«v«n  Priywcd  Snjcwiy.  op  dV.  fooUioU  I.  p.  172 
l*hy^K-*l  S<jr»Ky.  op  c  it.,  foot  not#  l.p.  MM. 
*** «u|uc^ftU>d  that  the  iMnitraliunK  foil  be  thtrkor  bo  that 
two  eWctroriB  are  atrippod  from  aome  hydro(«Q  ioos.  fonrinf 
powiiva  hydrofra  tons  fprotooai  to  bdp  oautralixa  tha 
ta  viciiuty  of  tha  apaoacraft- 


Integrated  Space  Experiment  (ISE)  should  an¬ 
swer  any  remaining  doubts  about  space^hvge 
accumidation. 

Arcing  or  electiical  breakdown  that  could 
short  out  highly  charged  components  may  also 
be  a  problem  in  spaf  f>u»t  or  metal  particles 
generated  in  ground  ba****<l  accelerators  fall 
harmlessly  to  the  ground.  In  8pBc«.  floating 
particles  could  cause  arcing  by  forming  a  con¬ 
ducting  path  between  charg^  components. 

Existing  accelerators  demand  many  hours 
of  careful  manual  alignment  before  an  experi¬ 
ment.  Neutral  particle  beam  weapons  would 
have  to  (q)erate  automatically  in  space.  Cur¬ 
rent  plans  caU  for  the  ATS  accelerator  at  Los 
Alamos  to  be  automated  soon. 

Kill  assessment  mi^t  bo  difficult  for 
particle  beam  weapons.  Damage  deep  inside 
the  target  might  completely  negate  its  func¬ 
tion  with  no  visible  sign.  The  choices  would 
be  either  to  forgo  kill  confirmation  or  to  in¬ 
crease  NPB  energy  levda  until  observable 
damage  were  caused,  poesibly  the  triggering 
of  the  high-energy  explosive  on  the  RV.  The 
current  plan  is  to  forgo  kill  confirmation  per 
se,  but  to  increase  the  NPB  power  level  to  as¬ 
sure  electronic  destruction,  ^nsors  would  de¬ 
termine  that  the  particle  beam  had  hit  each 
target.  Experiments  are  planned  to  assess 
whether  UV  light  emissions  would  indicate 
that  a  particle  beam  had  struck  the  au.'face  of 
a  target. 

The  planned  (and  now  indefinitely  post¬ 
poned)  ISE  illustrates  a  point  made  in  clus¬ 
ter  11  of  this  report:  many  BMD  weapons 
wouki  have  ASAT  capabilities  long  before  they 
could  destroy  ballistic  missiles  or  RVs.  The 
ISE  accelerator,  if  succeasfuL  would  have 
ASAT  lethality  at  dose  ran^,  although  for 
a  limited  duty  cycle.  Beam  divergence  mi^t 
limit  range,  but  it  could  probably  destroy  the 
electronics  in  existing  satellites  within  500  to 
1,000  km.**  Even  though  not  aiming  a  beam 

’muB  pxpfrimBnt  could  hav*  iwariy  BMI>level  lethality,  poa- 
aibly  raising  with  ntfptict  to  the  ABM  Treaty.  However, 
it  would  not  have  the  oeceaeary  beam  aeuainf  and  pointing  or 
the  computer  aoftware  and  hardware  for  a  BMD  waapoo;  SD10 
coQBidera  the  eaperimeot  to  he  treaty  compliant. 
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at  ether  than  a  target  satellite,  this  experiment 
conceivably  might  disrupt  nearby  satellite  elec¬ 
tronics.  Although  this  may  not  be  serious  (cal¬ 
culations  indicate  that  it  should  not),  there  is 
enough  uncertainty  to  caust*  ISE  planners  to 
ask  whether  they  should  wait  until  the  Space 
Shuttle  had  landed  before  turning  on  the  ISE. 

X-ray  Laser.— The  nuclear  bomb-driven  x- 
ray  laser  is  the  least  mature  DEW  technology. 


To  date  this  program  has  consisted  of  theo¬ 
retical  and  d'jnign  work  at  Livermore  National 
Laboratory  and  several  feasibility  demonstra¬ 
tion  experiments  at  the  underground  Nevada 
nuclear  weapons  test  site.  Actual  x-ray  gener¬ 
ation  technology  may  or  may  not  reach  suit¬ 
able  levels  in  the  years  ahead;  currently  the 
methods  to  convert  this  technology  into  a  via¬ 
ble  weapons  system  remain  pap'-r  concepts. 


POWER  AND  POWER  CONDITIONING 


The  average  electrical  power  consumed  by 
some  proposed  BMD  spacecraft  during  bat- 
til  might  be  factors  up  to  100.000  over  cur¬ 
rent  satellite  power  levels.  Most  existing  sat¬ 
ellites  are  powered  by  large  .solar  arrays  that 
would  be  vtunerable  to  defense  suppressirrn  at  - 
tack.  To  provide  sufficient  survivable  power 
for  space  applications,  most  BMD  satellites 
wouH  require  either  nuclear  reactors,  rocket 
engines  coupled  to  electrical  generators,  or  ad¬ 
vanced  fuel  cells. 

In  addition  to  high  average  power,  some  pro¬ 
posed  weapon  satellites  would  demand  high 
peak  power;  energy  from  the  prime  source  ei¬ 
ther  a  nuclear  reactor  or  a  rocket-driven  turtK>- 
altemator,  would  have  to  be  stored  and  com¬ 
pressed  into  a  train  of  very  high  current  puls^. 
For  example,  a  railgun  might  expend  500  MJ 
of  energy  in  a  5-miUisecond  (ms)  pulse,  or  iOO 
GW  of  peak  power.  This  is  about  1,000  times 
more  than  current  pulse  power  supplies  can 
deliver. 


The  following  sections  outline  satellite  power 
demands  and  the  technologies  that  might 
satisfy  them,  labile  space  systems  would  call 
for  the  primary  dllvances,  ground-based  FELs 
would  dso  depend  on  advances  in  pulsed-power 
supply  (whnology.  .Some  of  the  technology  de- 
'  elopi'il  iiii  :,jmh  i'  !)'>!ii!'  nmitral  particle  beam 
systems,  such  as  KF  power  sources,  might  be 
applicable  to  FELs. 

Space  Power  Requirements 

Estimates  of  power  needs  of  space-based 
BMD  systems  are  summarized  in  table  5-9. 
Since  most  of  these  systems  have  not  been  de¬ 
signed,  these  estimates  could  change  signifi¬ 
cantly:  the  table  only  indicates  a  possible  range 
of  power  levels.  Power  is  estimated  for  ^ee 
m<^es  of  operation:  base  level  for  general  sat¬ 
ellite  housekeeping  and  continuous  sxuweil- 
lance  (q)erations  lasting  many  years;  alot-level 
in  response  to  a  crisis,  possibly  leading  to  war; 


Table  $-9.— Esiimatad  Power  Requiremente  for  Space  Aeeate 
(average  power  in  Ulowatte) 


,  Mode  of  operation _ Beae _ Alert _ Burst  (battle) 

BSTS .  4-10  .1.10  4-10 

SSTS(IR) .  6-15  SiS  ISaO 

Ladar .  15-20  15-20  50-100 

Ladar  imager .  15-20  15-20  100-SOO 

Laser  illumination .  5-10  5-10  50-100 

Doppler  ladar .  15-20  15-20  SOOeOO 

SBI  carrier .  2-30  4-50  10-100 

Chemical  laser  . .  .  50-100  100-150  100-200 

Fighting  mirror .  10-50  10-50  20-100 

NPF/SBFEL .  20-120  1,000-10,000  100,00a500,000 

EML  (railgun) .  20-120 _ 1,000-10,000  200,000-5.000,000 


SOURCE:  So«c«  OsftnM  Initlattw  Orpmlntion.  19S6. 
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and  burst-mode  for  actual  battle,  which  may 
last  hundreds  of  seconds. 

In  addition  to  average-power  and  surviva- 
bib'ty  perquisites,  a  spece-based  power  system 
would  have  to  be  designed  to  avoid  deleteri¬ 
ous  effects  of: 

•  thrust  from  power-generating  rockets  up¬ 
setting  aiming, 

•  torque  due  to  rotating  components, 

•  rocket  effluent  disrupting  optics  and  beam 
propagation, 

•  vibration  on  sensors  and  beam  steering, 

•  thermal  gradients,  and 

•  radiation  from  nuclear  reactors. 

Power  systems  would  also  have  to  operate 
reliably  for  long  periods  unattended  in  space. 

Space  Power  Generation  Technology 

There  are  three  generic  sources  of  electrical 
power  in  space:  solar  energy,  chemical  energy, 
and  nuclear  energy. 

Solar  Energy 

Solar  panels  have  supplied  power  for  most 
satellites.  The  sun  produces  about  1.3  kW  of 
power  on  every  square  meter  of  solar  array  sur^ 
face.  An  array  of  crystalline  silicon  cells  con¬ 
verts  the  stm’s  energy  into  direct  electrical  cur¬ 
rent  through  the  photovoltaic  effect,  with  an 
efficiency  oi  about  10  percent.  Thus  a  1-m* 
panel  of  cells  would  produce  about  130  watts 
of  electricity,  assuming  that  the  pand  were  (»i- 
ented  perpendicular  to  the  sun’s  rays.  A  20- 
kW  array,  typical  for  a  BMD  sensor,  would 
then  have  about  150  m*— roughly,  a  12-m  by 
12-m  array.  The  Skylab  solar  array,  the  largest 
<^>erated  to  date,  produced  about  8  kW.  NASA 
has  built,  but  not  yet  flown  in  space,  a  25-kW 
experimental  solar  array  designed  to  supply 
space  station  power. 

The  major  disadvantage  of  solar  arrays  is 
that  their  large  size  makes  them  vulnerable  to 
attack.  Crystalline  silicon  photovoltaic  cells  are 
also  vulnerable  to  natur^  .md  man-made  ra¬ 
diation.  One  approach  to  reduce  both  vulnera¬ 
bilities  to  some  degree  would  be  to  concentrate 
the  sun’s  rays  with  a  focusing  optical  coUec- 


tor.  The  collector  would  still  be  vulnerable,  but 
if  the  system  efficiency  could  be  improved,  then 
the  area  of  the  collector  would  be  smaller  than 
equivalent  ordinary  solar  cell  arrays. 

There  are  two  other  ways  to  convert  the 
ener^  from  solar  collectors  into  electricity. 
One  is  to  use  solar  thermal  energy  to  drive  a 
conventional  thermodynamic  heat  engine.  The 
other  is  to  focus  sunlight  on  more  radiation- 
resistant  and  higher-efficiency  photovoltaic 
cells  such  as  gallium  arsenide.  Depending  on 
the  temperature  of  the  working  fluid  in  a  ther¬ 
modynamic  heat  engine  cycle,  efibciencies  of 
20  percent  to  30  percent  might  be  achieved. 
Gallium  arsenide  cells  have  shown  up  to  24  pe^ 
cent  efficiency  in  the  laboratory,  so  20  percent 
efficiency  in  space  may  be  reasonable.  Thus, 
either  technology  could  cut  the  required  col¬ 
lector  area  in  half  compared  to  conventional 
solar  cells,  or  75  m*  per  20-kW  output.  Neither 
approach  has  been  tested  in  space,  but  NASA 
is  pursuing  both  for  future  space  applications. 

Naclear  Energy 

Nuclear  energy  has  also  been  used  in  space. 
There  are  two  types  of  nuclear  energy  sources: 
radioactive  isotope  generators  that  convert 
heat  fimm  radioactive  decay  to  electricity,  and 
nuclear  fission  reactors.  Both  have  flown  in 
space,  but  the  radioactive  isotope  generator 
is  more  common. 

Both  radioactive  decay  and  a  controlled  fis¬ 
sion  reaction  produce  heat  as  the  interme^- 
ate  energy  form.  This  heat  can  be  converted 
into  electricity  by  static  or  dynamic  means. 
A  static  power  source  produces  electricity 
directly  from  heat  without  any  moving  parts, 
using  either  thermoelectric  or  thermionic  con¬ 
verters.  These  converters  generate  direct  cur¬ 
rent  between  two  terminals  as  long  as  heat  is 
supplied  to  the  device.  The  efficiency  and  to¬ 
tal  practical  power  levels  are  low,  but  for  ap¬ 
plications  of  less  than  500  W,  the  advantage 
of  no  moving  parts  makes  a  radioisotope  ther¬ 
moelectric  generator  (RTG)  a  primary  candi¬ 
date  for  sraaU  spacecraft. 

To  produce  more  than  500  W,  a  radioisotope 
source  could  be  coupled  to  a  d}mamic  heat  en- 


gine.  One  dynamic  isotope  power  system 
(D I  PS)  with  2  to  5  kW  output  has  been  ground- 
tested.  This  system  weighs  215  kg.  However, 
the  U.S.  production  capacity  for  radioarrive 
isotopes  would  limit  the  number  of  satellites 
tbat  could  be  powered  by  DIPS. 

BMD  satellites  needing  more  than  5  to  10 
kW  of  power  might  carry  a  more  powerful  nu¬ 
clear  fission  reactor.  Static  thermoelectric  con¬ 
verters  would  still  convert  the  heat  to  electri¬ 
city.  This  is  the  approach  proposed  for  the 
SP-100  space  power  program,  the  goal  of  which 
is  to  develop  elements  of  a  system  to  provide 
power  over  the  range  of  10  to  1,000  kW.  The 
Departments  of  Defense  and  Energy  and 
NASA  are  producing  a  reference  design  incor¬ 
porating  these  elements  to  produce  a  100-kW 
test  reactor This  is  the  major  focus  for  the 
next  generation  of  space  power  systems. 

The  SP-100  reactor,  as  currently  designed, 
would  use  360  kg  of  highly  enriched  uranium 
nitride  fuel  with  liquid  lithium  cooling  operat¬ 
ing  at  1 ,350  °  K.  This  heat  would  be  conducted 
to  2C0,000  to  300,000  individual  thermoelec¬ 
tric  elements  which  would  produce  100  kW  of 
electricity.  The  overall  efficiency  of  the  sys¬ 
tem  would  be  about  4  percent,  which  would 
enluil  the  disposal  of  2.4  MW  of  waste  heat. 
Large  fm.s  heated  to  80U  ’  K  wo'ild  radiate  this 
heat  into  space. 

The  SP-100  program  faces  uumerous  chal¬ 
lenges.  In  addition  to  being  the  hottest  run¬ 
ning  reactor  ever  built,  the  SP-100  would  be 
the  first  space  system  to: 

•  use  uranium  nitride  fuel, 

•  be  cooled  by  liquid  lithium, 

•  use  strong  refractmy  metals  to  contain  the 
primary  coolant, 

•  have  to  start  up  with  its  coolant  frozen, 

•  have  two  independent  control  mechanisms 
(for  safety),  and 

•  use  electronic  semiconductors  under  such 
intense  heat  and  radiation  stress.''* 


’  'Original  SDIO  plana  called  for  designing  a  300  KW  system, 
but  «8  of  this  writing  the  goal  bps  bMn  reduced  to  100  KW. 

”See  Eliot  Marsh^  ‘‘DOE’s  Way-out  ReactorSs’*  Setmee* 
231:1359.  March  21.  1966. 


Pho^o  Cmdit:  U.S.  Otpwfmwif  of  Doffm 


Artist's  concept  of  a  space-based  nuclear  power 
source.--The  painting  depicts  a  100-kllowatt  nuclear 
power  source  scheduled  for  demonstration  In  space 
In  the  1990s.  It  is  known  as  SP-100  and  is  a  joint  effort 
of  the  Defense  Advanced  Research  Projects  Agency, 
the  Department  of  Energy,  and  the  National 
Aeronautics  and  Space  Administration. 


The  estimated  mass  of  the  SP-100  is  3,000 
kg,  or  a  specific  mass  of  30  kg/kW.  Original 
plans  called  for  building  a  ground-test  proto¬ 
type  SP-100  based  on  the  100-kW  design  by 
1991,  with  a  flight  test  several  years  later.  Sub¬ 
sequently  a  300-kW  design  was  considered 
which  would  have  pushed  initial  hardware 
toward  1993,  but  current  schedules  are  fluid 
due  to  uncertain  funding. 

To  produce  power  levels  in  excess  of  a  few 
hundred  kW,  one  would  have  to  take  the  next 
step  in  the  evolution  of  space  nuclear  power 
systems:  a  nuclear  reactor  coupled  through  a 
dynamic  heat  engine  to  an  electrical  genera¬ 
tor.  In  principle,  large  reactors  in  space  could 
generate  himdreds  of  MW,  satisfying  the  most 
stressing  BMD  average  power  demands. 

A  “multimegawatt,  ”  or  MMW,  project  has 
begun  to  study  some  of  the  fundamental  is¬ 
sues  i-aised  by  large  reactors,  including  daunt¬ 
ing  engineering  challenges  such  as  high  tem¬ 
perature  waste  heat  disposal  in  space,  safety 
in  launch,  operation,  and  decommissioning. 
These  large  nuclear  systems  might  have  to  b« 
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<^ated  "open-cycle,”  requiring  much  "fuel" 
in  the  form  of  cooling  gas  to  dispose  of  excess 
heat.  At  this  writing  the  MMW  project  is  in 
the  conceptual  phase  with  no  well-definod  re¬ 
search  program.  Multi-megawatt  nuclear  re¬ 
actors  in  space  would  have  to  be  considered 
a  20-to-30  year  project. 

In  summary,  space  nuclear  power  systems 
would  require  extensive  development  to 
achieve  reliable  space  operation  at  the  100-300 
kW  level  by  the  mid-to-late  1990s.  Given  cur¬ 
rent  engineering  and  budget  uncertainties,  de¬ 
velopment  of  megawatt-class  nuclear  power 
systems  for  space  cannot  be  projected  until 
well  into  the  21st  century. 

Chemical  Energy 

Satellites  frequently  employ  chemical  energy 
in  the  form  of  batteries,  fuel  cells,  and  tur¬ 
bogenerators.  Batteries  would  be  too  heavy  for 
most  BMD  applications,  except  possibly  for 
pop-up  systems  with  very  short  engagement 
times.  Fuel  cells,  which  derive  their  power  by 
combining,  e.g.,  hydrogen  and  oxygen,  are  un¬ 
der  active  consideration  for  driving  the  acceler¬ 
ators  of  NPB  weapons. 

For  the  short  bursts  of  MMW  power  needed 
by  some  BMD  weapons,  an  electrical  genera¬ 
tor  driven  by  a  rocket  engine  (e.g.,  burning  liq¬ 
uid  hydrogen  and  liquid  oxygen)  might  be  the 
only  available  techu^ogy  in  the  foreseeable  fu¬ 
ture.  The  Space  Shuttle  main  engine  (SSME) 
develops  about  10  GW  of  flow  power,  which 
could  generate  r>  GW  of  electrical  energy  if  it 
could  be  coupled  to  a  turboaltemator.  Alter¬ 
natively,  rocket  exhaust  could,  in  prinriple,  be 
converted  to  electricity  by  magnetohydro- 
dyn&mics  (MHD). 

The  engineering  challenges  of  using  rocket 
engines  to  produce  electrical  power  on  board 
a  BMD  satellite  are  posed  not  only  by  the 
generator  itself,  but  by  its  effects  on  other  com¬ 
ponents  such  as  sensors,  electronics,  and  weap- 
oa««.  Two  counter-rotating  and  counter-thrust¬ 
ing  rockets  would  probably  be  essential  to 
cancel  torque  and  t^jst.  Even  then,  sensors 
and  weapons-aiming  devices  would  have  to  be 
isolated  from  vibration.  Similarly,  the  effluent 


from  the  rocket  engines  must  not  interfere  with 
sensors  or  weapon  beam  pn^agation,  and  dec- 
trical  noise  must  not  int^ere  with  communi¬ 
cation  or  data  processing  electronics. 

It  mi^t  be  necessary  to  place  rocket  engines 
and  power  generators  on  separate  platforms 
hundreds  or  a  few  thousands  of  meters  away 
to  achieve  the  necessary  isolation,  transmit¬ 
ting  power  by  cable  or  microwaves.  This 
method,  however,  would  raise  vulnerability  is¬ 
sues,  prei>enting  to  the  adversary  an  additional 
target  end  a  vulnerable  umbilical  cord. 

Power  Conditioning 

Power  conditioning  is  matching  the  electri¬ 
cal  cWacteristics  of  a  power  source  with  those 
required  by  the  load.  A  generator  might  pro¬ 
duce  a  continuous  flow  of  electrical  current, 
but  a  load,  such  as  railgun  firing,  would  require 
a  series  of  very  high-current  pukes.  Power  con¬ 
ditioning  equipment  would  convert  the  contiih 
uous  flow  into  pulses. 

In  so^  cases  the  {Hejected  power  condition¬ 
ing  device  requirements  exce^  existing  capa¬ 
bilities  by  two  or  three  orders  of  magnitude, 
even  for  ground-based  experiments.  In  numy 
areas,  no  space-qualified  hardware  exists  at 
any  power  level.  Pulsed  power  technology  de¬ 
velopment  efforts  are  tmderway  in  capacitive 
md  inductive  energy  storage,  closing  a^  open¬ 
ing  switches,  transformers,  RF  sources,  AC- 
DC  converters,  and  ultra  high-voltage  tech¬ 
niques  and  components. 

Particle  accelerators  that  drive  the  FEL 
the  NPB  use  RF  power.  Railgon  requirements 
would  prewnt  the  greatest  challenge:  very 
short  (millisecond)  pulses  of  current  several 
times  a  second.  Many  electrical  components 
would  have  to  be  developed  to  produce  the 
proper  current  pulses  for  a  railgun. 

A  homopolar  {^erato*  combined  with  an  in¬ 
ductor  and  opening  switch  is  now  the  primary 
candidate  for  the  generation  of  very  short 
pulses.  A  homopolar  generator  is  a  rotating 
machine  that  stores  kinetic  energy  in  a  rotat¬ 
ing  armatuie.  At  the  time  of  railgun  firing, 
brushes  would  fall  unto  the  armature,  extract- 


ing  much  of  its  energy  in  a  fraction  of  a  sec¬ 
ond.  This  would  result  in  a  sudden  jerk  in  the 
torque  of  the  generator,  which  would  disturb 
a  spacecraft  uidess  compensated  by  a  balariced 
homopolar  generator  rotating  in  the  opposite 
direction. 

The  brushes  would  also  wear  out,  which 
raises  questions  about  the  durability  of  a  rail- 
gun  with  high  repetition  rates.  Very  fast 
switches  would  be  essential.  These  switches 
would  have  to  be  light  enough  to  move  rap¬ 
idly,  but  heavy  enough  to  handle  the  extraor- 
dineuily  high  currents. 

Researchers  at  the  University  of  Texas  have 
investigated  one  advanced  modification  to  the 
homopolar  generator.  They  have  replaced 
brushes  and  switches  with  inductive  switches 
in  a  "compulsator,”  a  generator  which  pro¬ 
duces  a  string  of  pulses.  By  replacing  non- 
current  carrying  iron  with  graphite-epoxy  com- 
posites,  these  compulsators  could  be  much 
lighter  than  the  homopolar  generators. 

While  space  applications  drive  power  devel¬ 
opment  requirements,  emerging  ground-based 
defensive  systems  would  also  stress  existing 
power  sources.  Ground-based  BMD  elements 
might  require  diesel  and  turbine  driven  elec¬ 
tric  generators  and  MHD  generators  for  mo¬ 
bile  applications.  A  fixed-site  system  such  as 
the  FEL  might  draw  on  the  commercial  util¬ 
ity  grid,  dedicated  power  plants,  or  supercon¬ 
ducting  magnetic  energy  storage  (SMES).  The 
electrical  utility  grid  could  meet  peacetime 
housekeeping  power  needs  and  could  keep  a 
storage  system  charged,  but,  due  to  its  extreme 
vulnerability  to  precursor  attack,  could  not  be 


relied  on  to  supply  power  during  a  battle. 
Therefore,  a  site-secure  MMW  power  system 
would  probably  be  necessary. 

Superconducting  magnetic  energy  storage 
is  a  prime  candidate  for  ground-based  energy 
storage;  an  SMES  system  would  be  a  large, 
underground  superconducting  coil  with  con¬ 
tinuous  current  flow.  The  science  of  SMES  is 
well  established,  but  engineering  development 
remains. 

Recent  discoveries  of  high-temperature  su¬ 
perconductors  could  have  an  impact  on  future 
power  supplies  and  pulse  con^tioning  sys¬ 
tems.  Given  the  likely  initial  cost  of  manufac¬ 
turing  exotic  superconducting  materials  and 
the  probable  limits  on  total  current,  their  first 
appUcations  wiU  probably  be  in  smaUer  devices 
such  as  electronics,  computers,  and  sensor  sys¬ 
tems.  But  if: 

•  scientists  could  synthesize  high  temper- 
at\u«  superconducting  materials  able  to 
carry  very  large  currents;  and 

•  engineers  could  develop  techniques  to 
manufacture  those  materials  on  a  large 
scale  suitable  for  large  magnetic  colls,  RF 
power  generators,  accelerator  cavity  walls, 
the  rails  of  dectromagnetic  launchers,  etc.; 

then  superconductors  could  substantially  re¬ 
duce  the  power  demand.  Efficiency  of  the 
power  source  and  power  conditioning  netwevks 
could  also  be  improved.  High  temperature  su¬ 
perconductors  would  be  parcicularly  attractive 
in  space,  where  relatively  cold  temperatures 
can  be  maintained  by  radiation  cooling. 


COMMUNICATION  TECHNOLOGY 


Communication  would  be  the  nervous  sys¬ 
tem  of  any  BMD  system.  A  phase-one  defense 
would  include  hundreds  of  space-based  com¬ 
ponents,  separated  by  thousands  of  kilometers, 
for  boost  and  post-boost  interception.  A 
second-phase  BMD  system  would  include 
many  tens  of  sensors  in  high  orbits  and  hun¬ 


dreds  to  several  thousands  of  weapons  plat¬ 
forms  in  low-Earth  orbits. 

Three  fundamental  communication  paths 
would  link  these  space  assets:  ground  to  ^ace, 
space  to  space,  and  space  to  ground.  Ground 
command  centers  would  at  least  initiate  the 
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battle;  they  would  also  receive  updates  on 
equipment  status  and  sensor  data  in  peacetime 
and  as  the  battle  developed. 

The  attributes  of  an  effective  communica¬ 
tion  system  would  include: 

•  ad^uate  bandwidth  and  range, 

•  reliability, 

•  tolerance  of  component  damage, 

•  security  from  interception  or  take-over, 

■  tolerance  of  nuclear  effects,  and 

•  jam-  or  spoof-resistance. 

The  bandwidths,  or  frequency  space  avail¬ 
able,  from  links  in  the  millimeter-wave  bands 
would  be  adequate  for  most  near-term  BMD 
functions.  The  most  demanding  element  would 
be  the  boost  surveillance  and  tracking  system 
(ESTS)  satellite,  with  perhaps  a  l-million-bit- 
per-second  data  rate.  Second-phase  elements 
such  as  a  space  surveillance  and  tracking  sys¬ 
tem  (SSTS)  sensor  satellite  might  operate  at 
much  higher  rates,  up  to  20  n^on  bits  per 
second,  while  battle  management  might  take 
50  or  more  million  bits  per  second  of  informa¬ 
tion  flow.  Various  additional  data  for  syn¬ 
chronization  signals  would  have  to  be  conunu- 
nicated.  Transmission  bandwidths  might  have 
to  be  very  large— perhaps  1-10  gigahertz  (GHz) 
—to  reduce  the  chances  of  jamming. 

The  communication  system  must  be  dura¬ 
ble  and  survivable  even  if  some  nodes  fail  due 
to  natural  or  enemy  action.  Redundant  links 
in  a  coupled  network  might  assure  that  mes¬ 
sages  and  data  got  through  even  if  some  sat¬ 
ellites  were  destroyed.  Tying  together  a  vast 
BMD  space  network  would  be  challenging, 
espedaUy  given  that  the  satellites  in  low-Earth 
orbit  wotild  constantly  change  relative  po¬ 
sitions. 

One  key  issue  for  BMD  communications  is 
jamming  by  a  determined  adversary.  Success¬ 
fully  disrupting  communications  would  com¬ 
pletely  negate  a  BMD  system  that  relied  on 
sensors  and  command  and  control  nodes  sep¬ 
arated  from  weapons  platforms  by  tens  of  thou¬ 
sands  of  km.  Jammers  could  be  developed,  de¬ 
ployed,  and  even  operated  in  peacetime  with 
little  risk  of  stimulating  hostile  counteractioiL 


Space-to-ground  oxnmunication  links  would 
be  particularly  viilnerabl&  Ground-based,  ship- 
based  or  airborne  high-power  jammers  might 
block  the  flow  of  information  to  satellites.  In 
wartime,  nuclear  explosions  could  disrupt  the 
propagation  of  RF  waves.  Ground-bas^ 
receivers  would  also  be  susceptible  to  direct 
attack.  Even  space-based  communications 
would  be  susceptible  to  jamming. 

Recently  there  have  been  two  primary  SDI 
candidates  for  BMD  communication  links  in 
space:  laser  links  and  60-GHz  links.  A  60-GHz 
system  once  seemed  to  promise  a  more  jam- 
resistant  channel  for  space-to-space  commu¬ 
nications,  since  the  atmosph&i*e  would  absorb 
enough  60-GHz  energy  to  reduce  the  threat  of 
ground-based  jammers.  Recent  analyses,  how¬ 
ever,  indicate  that  space-  and  air-based  jam¬ 
mers  may  limit  the  effectiveness  of  60-GHz 
links. 

60-GHz  Communication  TJnkw 

The  operating  frequencies  of  space  conunu- 
nication  systems  have  been  steadily  increas¬ 
ing.  For  example,  the  Milstar  communications 
satellite  wiU  use  the  extremely  high  frequency 
(EHF)  band  with  a  44-GHz  ground-to-space  up¬ 
link  and  a  20-GHz  downlink.  These  high  fre¬ 
quencies  allow  very  wide  bandwidth  (1  GHz 
in  the  case  of  Milstar)  for  high  data  transmis¬ 
sion  rates,  but  also  for  more  secure  communi¬ 
cations  through  wide-band-modulation  and 
frequency-hopping  anti-jamming  techniques. 

For  space-to-space  links,  BMD  designers  are 
considering  even  higher  frequencies— around 
60  GHz.  This  band  includes  many  oxygen  ab¬ 
sorption  lines.  It  would  be  very  difficult  for 
ground-based  jammers  to  interfere  with  60- 
GHz  conununications  between,  for  example, 
a  BSTS  early  warning  satellite  and  SBI  CVs: 
oxygen  in  the  atmosphere  would  absorb  the 
jamming  energy. 

Pre-positioned  jammer  satellites,  or  possi¬ 
bly  rocket-borne  jammers  launched  with  an  at¬ 
tack,  might  still  interfu«  with  60-GKz  chan¬ 
nels.  The  main  bctua  of  radiation  from  a 
60-GHz  transmitter  i.)  relatively  narrow,  mak- 
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ing  it  difticult  for  an  ad^rersary  to  blind  the 
system  from  the  main  lobe:  the  enemy  jam* 
mer  transmitter  would  have  to  be  locat<^  very 
close  to  the  BMD  satellite  broadcasting  its 
message.  But  a  60-GIiz  receiver  would  also 
pick  up  some  energy  from  the  "sidelobes”  and 
even  sonve  from  the  opposite  side  of  the  receiver 
(the  “backlobes”).  While  a  receiver  may  be 
10, (HX)  to  100,000  times  less  sensitive  to  energy 
from  these  sidelobes  than  from  the  main  loho, 
it  must  be  extremely  sensitive  to  pick  up  sig* 
nals  frt>m  a  low-Earth  orbit  satellite  tens  of 
thousands  of  km  away. 

At  high-Earth  orbit,  a  near-by  jammer  with 
only  a  few  hundred  watts  oi  power  could  over¬ 
whelm  a  much  more  powerful  60-GHz  system 
on  a  sensor  satellite.  This  neighbor  might 
masquerade  as  an  ordinary  communications 
satellite  in  peacetime.  In  wartime,  it  could  aim 
its  antenna  nt  the  BSTS  and  jam  the  channel. 
The  countermeasure  would  be  to  station  the 
BSTS  out  of  standard  communications  satel¬ 
lite  orbits. 

Laser  Communication  Links 

The  low-power  diode  laser  offers  the  possi¬ 
bility  of  extremely  wideband,  highly  direc¬ 
tional,  and,  therefore,  very  jam-proof  commu¬ 
nications.  The  MIT  Lincohi  Laboratory  has 
designed  a  220  megabit-pei^second  (Mbs)  com¬ 
munication  link  that  would  need  just  30  mil¬ 
liwatts  of  laser  power  from  a  gallium  alumi¬ 
num  arsenide  (GaAlAs)  light  emitting  diode 
(LED)  to  reach  across  the  diameter  of  the  ge¬ 
osynchronous  o'-bit  (about  84,000  km).  The  re¬ 
ceiver,  using  hevc«)dyne  detection,^*  could  pull 

”Tbe  oomxDoa  **beterodyike"  radio  receiver  iiachidee  e  local 
oedllator  which  geDerates  a  frequency  that  is  combined  or 
**mixed’'  %nth  the  incoming  radio  signal.  This  process  of  **inix- 
ing**  the  local  osdiiator  agnal  with  the  recesved  signal  improvea 
the  ability  to  detect  a  weak  signal  buried  in  noise,  and  reduces 


in  a  signal  of  just  10  picowatts  (10~"  W) 
power.  A  20-cm  mirror  on  the  transmitter 
would  direct  the  laser  beam  to  an  intended  re¬ 
ceiver. 

The  high  directionality  of  narrow  laser 
beams  also  complicates  operation.  A  wide- 
an^e  antenna  could  flood  the  receiver  area  witb 
signal,  even  sending  the  same  message  to  many 
receivers  in  the  area  at  one  time.  A  narrow  la¬ 
ser  beam  musf  be  carefully  aimed  at  each  sat¬ 
ellite.  This  would  require  mechanical  mirrors 
or  other  beam-steering  optics,  ua  weU  as  soft¬ 
ware  to  keep  trank  of  ^  Menrlly  satellites  and 
to  guide  the  optical  beam  to  the  right  satel¬ 
lite.  The  lifetime  of  a  iiaser  source  and  an  agile 
optical  system  may  be  relatively  short  for  the 
^t  few  generations  of  laser  communication 
8>'stenis. 

A  laser  communication  ^stcm,  as  presently 
designed,  would  require  up  to  eight  minutes 
to  establish  a  heterod}aie  link  between  a  trans¬ 
mitter  and  a  receiver.  Plans  call  for  reducing 
this  acquisition  time  to  one  minute.  With  a 
very  narrow  laser  beam,  even  minute  motions 
of  the  transmitter  platform  could  cause  a 
momentary  loss  of  coupling,  forcing  a  delay 
to  reacquire  the  signal 

While  laser  links  might  provide  jam-proof 
communications  between  space-ba^  assets 
of  fa  BMD  system,  1  aser  communications  to  the 
ground  would  have  to  overcome  weather  limi¬ 
tations.  One  approach  would  use  multiple 
receivers  dispersed  to  assure  one  or  more 
weather  sites  at  all  times.  Alternatively,  one 
could  envisage  an  airborne  relay  station,  par¬ 
ticularly  in  time  of  crisb. 


frtarfinwnoe.  A  User  heterodyae  reoeivier  would  include  its  own 
User  source,  which  would  bo  **niized’'  at  the  surface  of  a  Iq^it 
detector  with  the  weak  light  signal  from  a  distant  laser  trsns> 
mitter. 


SPACE  TRANSPORTATION 


Reasonable  extensions  of  current  U.S.  space 
transportation  capability  might  launch  the 
tens  of  sensor  satellites  envisaged  by  some 
BMD  architectures,  but  entirely  new  space 


launch  capabilities  would  be  necessary  to  lift 
several  hundred  to  over  one  thousand  carrier 
vehicles  and  their  cargoes  of  thousands  to  tens 
of  thousands  of  kinetic  kill  missfles  into  space 
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in  a  reasonable  period  of  time.  Therefwe  space 
lawch  capability  would  have  to  evolve  along 
with  phas^ne  and  phase-two  weapon  systems 
to  assure  the  United  States — and  to  persuade 
the  SoWet  Union — that  a  defense-domi  sated 
world  would  be  feasible  and  enduring. 


Space-  Transportation  Requirements 


Space-based  interceptors  and  their  carrier 
satellites  would  dominate  initial  space  deploy¬ 
ment  weights.  Assuming  that  a  phase-one  de¬ 
ployment  would  include  a  few  hundred  CVs 
and  a  few  thousand  SBIs  based  ou  the  “state- 
of-the-art”  rockets  described  above,  then  to¬ 
tal  launch  weight  requirements  mi^d^t  in  the 
range  of  1  million  to  2  million  kg. 


The  range  of  weights  estimated  by  SDI  sys¬ 
tem  architects  for  a  more  advanced  phase  var¬ 
ied  from  7.2  to  18.6  million  kg.  The  large  range 
of  weight  estimates  reflects  differences  in  ar- 
cUtectures,  and  particularly  difrerences  in  sur¬ 
vivability  measures.  Several  contractors  indi¬ 
cated  that  survivability  measures— such  as 
shielding,  decoys,  proliferation,  and  fuel  for 
maneuvering— would  increase  weight  by  a  fac¬ 
tor  of  about  three.  One  could  infer  that  the 
heavier  designs  might  be  more  survivable. 


Additional  space  transportation  would  be  re¬ 
quired  over  time  for  servicing,  refueling,  or 
replacement  of  failed  components.  One  un¬ 
resolved  issue  is  how  best  to  mftinfmin  this  fleet 
of  (Habiting  battle  stations;  by  originally  indud- 
iug  redundant  components  such  as  intercep¬ 
tor  missiles  on  each  satellite,  by  complete 
replacement  of  defective  satellites,  by  on-OTbit 
set  vicing,  or  by  some  combination  of  the  above. 
One  contractor  estimated,  for  example,  that 
it  would  take  35  interceptor  missiles  on  each 
battle  station  to  assure  20  live  missiles  after 
10  years,  with  the  attrition  duventirely  to  nat¬ 
ural  component  failures. 


Soviet  countermeasxires  might  drive  up 
weight  requirements  substantially  in  later 
years.  Increased  Soviet  ICBM  deployments 
might  be  countered  with  more  SB  I  platforms. 
Defense  suppression  threats  such  as  di^t- 
ascent  ASATs  might  be  countered  in  part  by 
proliferation  of  SBI  battle  stations  or  by  other 


heavy  countermeasures.  Advanced  dect^s  dia¬ 
pers^  during  the  post-boost  pliase  of  missile 
flight  nught  require  some  type  i  i  interactive 
discrimination  system  in  space.  Reduced  So¬ 
viet  booster  bum  times  would  eventually  im¬ 
pel  a  shift  to  DEW.  Deploying  these  counter¬ 
measures  would  necessitate  additional  space 
transportation  capability.  Directed-energy 
weapon  components  in  particular  would  prob¬ 
ably  be  very  heavy.  The  range  of  SDI  system 
architects*  estimates  for  some  far-term  sys¬ 
tems  was  from  40  million  to  80  million  kg. 

Space  Transportation  Alternatives 

There  seem  to  be  two  fundamental  <q>tion8 
for  lifting  the  postulated  BMD  hardware  into 
space:  use  derivatives  of  existing  space  trans¬ 
portation  systems;  or  design,  test,  and  build 
a  new  generation  space  transpmtation  system. 
The  firat  option  might  be  very  costly;  tlie  sec¬ 
ond  might  postpone  substantial  space-based 
BMD  deployment  inco  the  2l8t  century. 

Some  BMD  advocates  outside  the  SDIO 
have  suggested  that  existing  United  States 
space  laimch  systems  might  be  adequate  for 
an  initial  spare-based  BMD  deployment  in  the 
early  1990s.  But  the  existing  United  States 
space  launch  capability  is  limited  in  vehicle  in¬ 
ventory,  payload  capacity  per  launch,  cost, 
launch  rate,  and  launching  fatties.  As  shown 
in  table  5-10,  today’s  total  inventory  of  U.S. 
rockets  could  lift  about  0.27  millien  kg  into 
low-Earth  orbit  (180  km)  at  the  incliitation  an¬ 
gle  of  the  launch  site  (28.5°  for  the  Kennedy 
Space  Center  in  Florida).’^ 

The  bulk  of  early  SBI  deployments  would 
have  to  be  laimched  into  near-polar  orbits  from 
Vandenberg  AFB,  which  would  now  only  be 
possible  for  the  6  remaining  Titan  34D  vehi¬ 
cles  with  a  combined  lift  capacity  of  75,0(X)  kg. 


”Mi88ile  iauneb  capacity  ia  uaually  apadfied  in  ternu  of  the 
payload  wiiicb  can  be  Ufted  into  direct  East- West  fli^t  at  an 
Altitude  of  180  lun,  which  produces  ad  orbit  inf  linewf  gt  the  IaU-' 
tude  of  the  lAUDch  point.  Extrs  propellAutia  required  to  lift  the 
peyk>Ad  to  higher  mdinatiofis  or  to  higher  Altitudes.  Propooed 

BMD  weApons  8}rsteins  would  require  higher  inrliMf-yme  (70® 

to  85  ®)  And  higher  Altitudes  (600  to  1 ,000  km),  which  trsDAlAtes 

into  lower  pAylosd  cifMdty. 
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This  would  correspond  to  about  6  percent  of 
the  initial  phaseK>ne  BMD  space  deployment 
^uiremests.  Some  have  suggested  refurbish¬ 
ing  Titan-IIs,  which  have  been  retired  from  the 
ICBM  fleet.  If  all  69  Titan-IIs  were  refur¬ 
bished,  then  the  United  States  could  lift 
another  130,000  kg  into  polar  orbit,  or  another 
11  percent  of  the  ne-r-term  BMD  needs. 

The  rate  of  missile  launch  might  also  be 
limited  by  the  cidsting  space  transportation 
infrastructure.  Launching  one  Shuttle  now 
takes  a  minimum  of  580  houro  at  the  Kennedy 
Space  Center  (and  might  take  about  800  hours 
at  Vaadenberg  AFB’*),  limiting  potentia’ 
launches  to  one  per  month  or  less  from  each 
complex.  After  the  Shuttle  accident,  NASA 
estimated  that  12  tc  16  flights  per  year  would 
be  reasonable.  Clearly  16  launches  per  year 
would  not  be  sufficient  for  BMD  deployment.* 

Several  aerospace  companies  have  proposed 
build' ng  launch  vehicles  with  increased  lift  ca¬ 
pacity  to  meet  SDI,  DoD,  and  civilian  space 
transportation  demands.  Many  of  these  vehi¬ 
cles  would  be  derived  from  various  Shuttle  or 


’H^npletion  of  the  Vandenberg  Shuttle  launch  site  SLC4 
has  been  postponed  until  1992. 

’•Assuming  16  Shuttle  launches  per  year  with  9,000  kg  pay* 
load  to  low  polar  orbit,  it  would  take  between  8  to  12  years  to 
deploy  a  phase^me  BMD  system  and  48  to  125  years  to  deploy 
a  phase-two  system  weighing  7  to  18  million  kilograma. 


Titan  predecessors,  such  as  the  Titan-4,  in- 
daded  in  table  5-10.  Twenty-three  Titan-4s  will 
he  built  by  1988,  but  these  have  only  margin¬ 
ally  increased  lift  capacity.  A  major  increase 
in  lift  capacity  to  the  40,000  to  60,000  kg  range 
would  be  required  for  an  effective  space-based 
BMD  system.  Even  for  a  phase-one  system, 
far  more  would  be  needed  by  the  mid-1990s. 
Both  SDIO  and  Air  Force  officials  have  called 
for  a  new  space  transportation  system  that  is 
not  a  derivative  of  existing  technology. 

Four  aerospace  companies  analyzed  various 
space  transportation  options  under  joint  Air 
Force/NASA/SDIO  direction.  The  Space  Trans¬ 
portation  Architecture  Study  (STAS)  com¬ 
pared  manned  v.  unmanned  vehicles,  horizon¬ 
tal  V.  vertical  take-ofr,  single  v.  2-stage  rockets, 
and  various  combinations  of  reusable  v.  ex¬ 
pendable  components.”  The  Air  Force,  after 
reviewing  the  initial  STAS  work,  appears  to 
be  leaning  toward  a  decision  that  the  BMD  de- 
plojonent  should  use  an  uiunanned,  expenda¬ 
ble,  2-stage  heavy-lift  launch  veMcle  (now 
called  the  ALS  or  advanced  launch  system).* 


"The  Space  Transportation  Architecture  Study  (STAS)  was 
a  joint  Air  Force/NASA/SDIO  study  on  future  space  transpor* 
tation  systems.  The  Air  Force  Systems  Division  contracted  with 
Rockwell  uxl  Bonng,  while  NASA  employed  General  Dynamics 
and  Martin  Marietta  to  analyze  U.S.  dviUan  and  lidlitary  space 
requirements  and  poadble  alternatives  to  satisfy  them. 

”The  name  HLLV  (heavy  lift  launch  vehicle)  was  changed 
to  ALS  in  April  1987. 


Tabl«  5-10.-*Currant  U.S.  Spaca  Launch  Inventory* 


Shuttle . . . 

Titan  34D. 
Tltan*4*‘ . . 


Inventory 

quantity 

3 

6 

(23) 


Payload  per  vehicle  (thousands  of  kg) 


LEO 

(180  km) 
25 

15.3 

17.7 


Polar 
(180  km) 

15 

12.5 

14.5 


Geo 

Centaur-Q:4.5 
tUS:  2.3 
lUS:  1.8 
Centaur*G:4.6 
lUS:  2.4 


Titan  ll-SLV .  (13)®  3.6  1.9 

Delta .  8  2.9 

Delta  (MLV) .  (7)  4  1.5 

Atlas .  13  6 

Scout .  21  .26 

(ALS)" .  ? _ (SO-70) _ (40-55) _ 

^arenthesas  indicata  futura  systems .  '  .  -  — 

*^6  T)lan-4  Of  tha  Complwnantary  Expandabla  Launen  Vahid#  (CELV)  is  Ih#  latast  in  th#  lint  of  Tll^  miaaU#  conflourations; 
23  hav#  baan  ofdarad. 

®Tha  Titan  ll-SLVt  ara  baing  rafurbishad  from  tha  ICBM  invaotocy.  Tha  firat  Tltwi-«  may  ba  avMlabla  by  1989.  An  addition^ 
M  Titan  it  coutd  ba  rafurbishad  from  tha  ratirad  ICBM  flaat. 

«Tha  Advancad  Launch  Sysiam  la  propoaad  to  daploy  tha  bulk  of  tha  BMD  apKa  eomponanta. 

SOURCE:  Offlca  of  Tachnok>gy  Asaasamant.  1966. 
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An  interim  STAS  study  suggested  that  such 
a  vehicle  would  have  to  evolve  to  a  partially 
reusable  system  to  meet  SDIO  cost  reduction 
goals.  The  STAS  contractors  projected  that 
development  of  a  heavy-lift  uiunanned  vehi¬ 
cle  would  require  about  12  years,  although  at 
least  one  aerospace  company  estimates  that 
an  ALS  could  be  developed  in  6  years.  If  the 
original  12-year  estiriate  is  correct,  significant 
space  deployment  of  a  BMD  system  could  not 
begin  until  the  turn  of  the  century  even  if  the 
weapon  systems  were  ready  earlier.  If  the  6- 
year  estimate  were  correct,  then  initial  deploy¬ 
ment  could  begin  by  1994. 

To  deploy  space-based  assets  earlier,  SDIO 
has  suggested  a  two-tier  level  program:  build 
part  of  an  ALS  by  the  mid-1990s,  but  design 
this  system  to  evolve  into  the  long-range  sys¬ 
tem  by  the  year  2000.  The  initial  system  would 
include  some  of  the  advanced  features  of  the 
heavy-lift  launch  vehicle  concepts  outlined  by 
STAS,  but  would  not  have  a  fly-back  booster 
and  would  not  meet  the  SDIO  cost  goals  of 
$300  to  $600  per  kilogram.  The  interim  goal 
would  be  to  reduce  the  current  costs  of  $3,000- 
$6,000  per  kilogram  to  $l,000-$2,000.  Build¬ 
ing  a  space  transportation  system  while  try¬ 
ing  to  m^t  these  two  goals  simultaneously 
could  be  risky.  Compromises  might  be  required 
either  to  meet  the  early  deployniont  date  or 
to  meet  the  long-term  cost  and  launch  rate 
goals. 

The  estimated  launch  rate  for  a  fully  devel¬ 
oped  ALS  vehicle  is  about  once  (ler  month  per 
launch  complex.’*  Assuming  a  40,000-kg  pay- 
load  to  useful  BMD  orbits,  then  between  30 
and  45  successful  flights  would  be  reciuired  for 
a  phase-one  BMD  deployment  and  from  180 
to  460  flights  for  a  much  larger  second  phase. 
Allocating  5  years  to  deploy  the  latter  system, 
the  Unit^  States  would  need  to  build  three 
to  eight  new  launch  facilities.** 

^*The  current  maximum  launch  rate  for  Titans  is  tliree  per 
year  from  each  pad,  which  might  be  increased  to  five  per  year. 
Further  increases  are  unlikely  because  the  Titans  are  assem¬ 
bled  on-site.  This  is  one  of  the  reasons  an  entuely  ne^r  space 
launch  system  would  be  needed  to  meet  the  SDI  launch  rates. 

•mie  United  States  now  has  foxu*  launch  pads  for  Titim  class 
boosters,  two  on  the  east  coast  and  two  on  the  wefit  coast.  One 
west  coast  pad  is  being  modified  to  handle  the  C^LV.  Since 


Photo  croOit:  U.S.  Oopsnmofit  of  Doffi$o, 
Strstogfc  Dotoowo  tnniotf¥§  OroMnUatton 


Advanced  launch  system  (ALS). --Large-scale  deploy¬ 
ment  of  space-basod  {nterceptors  (SSI)  or  other 
weapons  in  space  will  require  a  dramatic  expansior 
of  U.S.  space-launch  capabilities.  Various  proposals, 
Including  a  Shuttle-derived,  unmanned  launch  vehicle 
such  as  this  have  been  under  consideration  by 
the  Air  Force,  NASA,  and  the  SDIO. 

Figure  .*>-13  presents  one  very  optimistic  sce¬ 
nario  which  might  leed  to  space  launch  facil- 
iti(»  adequate  for  proposed  second-phase  BMD 

SB  I  s  c  t  J(1  htve  to  be  Isuncbed  from  Vandenberg  to  reach  near- 
polar  orbits,  all  early  deployments  would  have  to  be  from  one 
pad.  The  estimated  time  to  build  a  new  launch  pad  complex 
is  7  to  10  years. 


Figur*  5-1 3a.» Annual  S|>aca  Launch  Capacity 
(AMT  polar  oftltf  at  SOO  km) 


This  is  one  possible  scenario  to  achieve  the  2  million  kg  per 
year  space  launch  capability  into  near-polar  orbits  required 
for  an  intermediate  ballistic  missile  defense  system.  This  sys¬ 
tem  could  ccnceivably  reach  this  goal  by  the  year  2003,  as¬ 
suming  that  three  new  launch  pads  were  built  at  Vandenberg 
AFB,  and  the  proposed  Heavy  Lift  Launch  Vehicle  (HLLVyAd- 
vanced  Launch  System  (ALS)  could  be  developed,  flight 
tested,  and  ready  for  initial  service  with  30,000  kg  lift  capac¬ 
ity  by  1994,  This  would  be  years  ahead  ot  the  schedule  Ini¬ 
tially  suggested  by  the  Space  Transportation  Architecture 
Study  (STAS).  The  HLLV  is  further  assumed  to  evolve  Into 
a  44.000  kg  capability  by  the  year  2000,  without  any  engineer¬ 
ing  delays.  The  SOlO  launch  goals  as  of  early  1987  are  shown 
for  comparison. 
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8yst«m3  by  2000-2005.  This  scenario  assumes 
that  the  SDIO  two-level  space  transportation 
devel<9ment  approach  would  be  successful:  an 
interim  ALS  vehicle,  with  a  30,000  kg  capa¬ 
bility  to  near-polar  orbits,  would  be  avaUable 
by  1994;  a  more  advanced  AliS  would  come 
on  line  in  2000  with  44,000  kg  capacity.  Three 
new  launch  pads  would  be  built  (although  there 
is  no  room  for  three  new  pads  at  Vandenberg 
AFB,  the  only  existing  site  ‘jd  the  contiguous 
United  States  with  near-pdar  orbit  ci^abOity). 

Assuming  approval  to  proceed  with  the  new 
launch  system  in  1988,  the  first  flights  of  the 
new  ALS  would  begin  in  1994,  using  the  refur¬ 
bished  SL06  launch  pad  at  Vandenberg,  built 
originally  for  the  Space  Shuttle.  The  th^  new 
pads  would  become  operational  in  1997, 1998, 
and  1999.  Flights  would  be  phased  in  at  each 
site,  increasing  up  to  12  flights  per  year  per 
pad.  With  these  assumptions,  the  SDIO  goal 


Table  S-11.— Space  Tranaportatlon 

wSIloWoSIctyto^OOhm^^ 

(ViuuMndi  of  toiogrwm) 


CELV(T1Ihv4) 
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744^340 

10 

E^lyHaV 

aofiaw-aooo) 

Fin^HLlV 
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•fWMJil 

liunch 
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sboa 
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H&m 
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(MUV) 

(MUV) 
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(Mkg) 

Vmt 

IMS 

3 
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8 
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3 
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1908 

4 

005 
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4 

000 
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0 

000 
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8 
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8 
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1 
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8 
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of  2  to  2.6  million  kg  oer  year  could  be  achieved 
by  2003. 

If  the  United  States  weis  to  operate  10 
launch  facilities,  each  with  one  ALS  launch  per 
month,  then  it  would  take  about  10  years  to 
orbit  the  50  million  kg  estimated  fw  a  far-term, 
third-phase  system.**  If  political  or  strategic 
considerations  (such  as  transition  stability) 
would  not  allow  as  long  as  10  years  to  deploy, 
then  the  United  States  would  have  perhaps 
three  choices: 

1.  develop  another  new  vehicle  with  lift  ca¬ 
pacity  above  50,000  kg  to  800-km,  high 
inclination  orbits; 

2.  build  and  operate  more  than  ten  ALS 
launch  facilities  simultaneously;  or 


"The  SO  millioo  kg  assuniM  Uw  low  end  uf  Uw  40  to  80  mO- 
lioD  kg  estimated  above  for  phase  time  with  speee-besed  lesera. 
A  sucoessfttl  ground-based  laser  system  could  reduce  this  esti- 
mite  by  about  15  miUion  kg,  or  25  to  65  million  kg  for  a  total 
phaae-thrae  oonatellatioii. 
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3.  improve  launch  operations  to  reduce  turn¬ 
around  time  below  30  days  per  pad. 

I  The  country  would  have  to  expand  booster 

I  manufacturing  capacity  to  meet  this  demand 

\  for  up  to  120  launches  per  year.  Historically, 
I  Titan  production  luies  completed  up  to  20  mis- 

'  siles  per  year,  and  Martin  Marietta  has  esti¬ 
mated  that  it  could  easily  produce  14  of  the 
Titan  class  per  year  with  existing  facilities.'* 

Space  Transportation  Cost  Reduction 

Identifying  42  technologies  related  tu  space 
transportation,  the  STAS  listed  several  where 
research  might  lead  to  reduced  (^>erating  costs 
j  (it  emphasized  the  first  three  as  offering  espe¬ 
cially  high  leverage  for  cost  reduction): 

•  lightweight  materials, 

•  expert  systems  and  automated  program¬ 
ming  to  cut  software  costs, 

•  better  organization, 

'  •  reducing  dry  weights  substantially, 

•  better  groimd  facilities, 

•  higher  performance  engines, 

•  fault-tolerant  avionics, 

•  reusability  of  major  components,  and 

•  better  mating  of  spacecrait  to  launch  ve¬ 
hicle  for  reduced  ground  costs. 


*niu8  would  include  5  CELVt,  6  TiUn  I!s,and3TiUD  34l>8. 


The  operating  (as  opposed  to  life-cycle)  costs 
of  space  transportation  are  currently  estimated 
at  $3,300  to  $6,000  per  kilogram  of  payload 
.0  low-Earth  orbit,  and  $22,000  to  $60,000  per 
kilogram  to  geosynchronous  orbit.  At  that 
rate,  it  would  cost  $24  billion  to  $200  billion 
to  launch  a  phase-two  BMD  system,  and  $140 
billion  to  $450  billion  for  a  responsive  phase- 
three  deployment,  based  on  the  consteUation 
weights  estimated  by  ■  ious  SDIO  system 
arcMtects.  The  SDIO  h.  sat  a  goal  of  reduc¬ 
ing  launch  operating  costs  by  a  factor  of  10. 

Operctmg  costs  are  estimated  at  about  one 
third  of  the  total  lifecycle  costs  of  a  space 
transportation  system.  Based  on  current  oper¬ 
ating  costs,  total  life-cyclc  costs  for  transport¬ 
ing  a  phase-two  BMD  system  into  space  might 
be  $72  billion  to  $600  billion;  tur  phase  three, 
the  costs  might  range  from  $420  billion  to 
$1.35  trillion.  Reaching  the  goal  of  reducing 
operating  costs  by  a  factor  of  10  would  reduce 
Ufe-cycle  costs  for  space  transportation  by  only 
30  percent.  Assuming  that  this  percent^ 
would  be  valid  for  a  new  space  transportation 
system,  and  assuminft  a  10  to  1  reduction  in 
operating  costs  only,  then  the  total  life-cycle 
costs  for  space  transportation  might  be  $50 
billion  to  $420  billion  for  a  phase-two  deploy¬ 
ment  and  $290  billion  to  $900  billion  for  a 
phase-three  deployment.  Clearly  the  other  lands 
of  costs  for  space  transportation  would  have  to 
be  reduced  along  with  the  operating  costs. 


V 


CONCLUSIONS 


Weapon  Technology  Conclusions 
Phase  One 

Kinetic  Energy  Weapons.— KEWs  (or  else  the 
kinds  of  nuclear-armed  missiles  developed  for 
BMD  in  the  196()s)  would  most  likely  be  the  only 
BMD  weapons  available  for  deployment  in  this 
century  and  possibly  the  first  decade  of  the  2l8t 
century.  Several  varieties  of  non-nuclear,  hit- 
to-kill  KEW  form  the  backbone  of  most  near- 
and  intermediate-term  SDI  architecture  pro¬ 
posals.  Considering  the  steady  evolution  of 
rockets  and  “smart  weapon”  homing  sensors 


used  in  previous  military  systems,  it  seems 
likely  that  these  KEWs  could  have  a  high  prob¬ 
ability  of  being  able  to  destroy  individud  tar¬ 
gets  typical  of  the  current  Soviet  ICBM  force 
by  the  early  to  mid-1990s.  The  key  unresolved 
issue  is  whether  a  robust,  survivable,  in¬ 
tegrated  system  could  be  designed,  built, 
tested,  and  deployed  to  intercept— in  the  face 
of  likely  countermeasiires— a  sizeable  fraction 
of  evolving  Soviet  nuclear  weapons. 

Space-Based  Interceptors.— SBIs  deployed  in 
the  mid  to  late  19908  could  probably  destroy 
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•oflM  So^'wt  ICBM4  in  their  boont  phaae.  The 
key  issue  is  whether  the  weight  of  the  SB  I 
projectiles  could  be  reduced  before  Soviet 
booster  bum  times  could  be  shortened,  given 
that  existing  SS-24  and  S.S-25  boosters  would 
already  stress  projected  SBI  constellations. 
The  probabiLty  of  post -boost  vehicle  (PBV)  killa 
if*  tower  due  to  the  smaller  PBV  aiie  and  IR  aig- 
aat.  but  SBIs  might  still  achieve  aome  aueceM 
against  current  PBVa  by  tbe  mid  to  late  1990a. 

Exo-atmospheric  Reentry  Interceptor  Sys¬ 
tem.— Tbe  F.RIS,  which  has  evolved  from  pre¬ 
vious  missiles,  could  probably  be  built  by  tbe 
early  to  n. id  1990s  to  at  lack  objects  ia  late  mid- 
course.  The  key  unknowj  is  the  method  of 
tracking  and  discriminating  KVa  from  decoya. 
Existing  radar  sensors  are  highly  vulnerable, 
the  SSl^  apace-based  IR  sensor  probably 
would  not  be  available  until  the  late  I990n  to 
early  200(>s.  and  the  AOS  airborne  sensor 
would  have  limited  endurance  and  range.  Thia 
would  leave  either  new  radars  or  aome  type  of 
pop^up,  rocket-bcime  IR  probe,  which  have 
apparently  received  little  development  effoK 
until  recently.  Given  the  uncertainty  in  ten- 
aora  suitable  for  the  ERIS  system,  its  role 
would  probably  be  confined  to  very  late  mid- 
c»»urse  interceptions  and  it  might  have  Umited 
BMU  effectiveness  until  the  late  19908. 

Phase  Two 

High  Endo-atmospheric  Defease  latcreeptor. 
—The  HEOI  could  probably  be  brought  toopsr- 
atixial  status  as  soon  as  the  mkl-1990ii.  To  over¬ 
come  the  unique  HF2DI  window  heating  prob¬ 
lem,  the  If  EDI  on-board  homing  IR  sensor 
needs  more  development  than  its  E  R I S  cousin. 
ButtheHEDI  system  does  not  depend  on  long- 
range  sensors  to  achieve  its  mission  within  the 
atmosphere.  The  HEDI  could  probably  pro¬ 
vide  aome  local  area  defense  of  harden^  tar¬ 
gets  by  the  mid-1990s  against  non-MaKVed 
RVs.**  HEDI  performance  against  MaRVed 
R\  a  eppearr  questionable. 


to  mtnMjwrific  rwotry  wKackt,  «r  RVt 
»Kirh  rftfi  rh«n|(v  ihMT  courw  mft#r  rmUrinf  th»  fttmcMphm 
to  improv*  MTurary  or  to  ovtud  dolonaivo  wioreofMort. 


SBIs  against  Reentry  Vehicles.— The  probabO- 
Itv  that  SBIa  would  kill  RVa  ia  tbe  mid-course 
k  low  until  the  next  century,  given  tbe  difficulty 
ia  detecting  and  tracking  many  amall,  cool  RVa 
in  tbe  presence  of  decoys,  and  given  uncertain¬ 
ties  ia  tbe  S3T  S  sensor  and  battle  management 
programs. 

Phase  Three 

IRrected- Energy  Weapons.— It  b  aalikely  that 
any  DEW  system  could  be  highly  effective  be 
fore  2010  to  2015  at  tbe  earlieat.  No  directed 
energy  weapon  is  within  a  factor  of  10,000  of 
the  brightness  necessary  to  destroy  respon¬ 
sively  designed  Soviet  nuclear  weapons.  (OTA 
has  not  had  the  upportunity  to  review  recent 
SDIO  suggestions  for  “entry  level*’  DEWs  of 
more  modest  capability.  SDIO  contends  that 
effective  8pace-ba:)ed  lasers  of  one  to  two 
orders  of  magnitudo  less  than  that  needed  for 
a  responsive  threat  could  be  developed  much 
sooner.)  At  least  another  decade  of  research 
would  likely  be  needed  to  support  s  dsdsion 
whether  any  DEW  could  form  ths  basis  for  an 
affordable  and  highly  effr  jtive  ballistic  mis¬ 
sile  defense.  Furtlw,  it  is  likely  to  take  at  least 
another  decade  to  manufacture,  test,  and 
launch  the  large  number  of  satellite  battle  sta¬ 
tions  necessary  for  highly  effective  BMD. 
Thus,  barring  dram.stic  changes  in  weapon  and 
space  launch  development  and  procurement 
practices,  a  highly  effective  DEW  aystmn  ia 
vnlikely  before  2010  to  2015  at  the  earliest. 

Neutral  Particle  Beam.— The  NPB.  under  dw 
vclopmeat  initially  as  aa  bteracUve  ^scrindaa- 
tor,  is  the  most  promising  mid-course  DEW.** 
Shielding  RVs  against  penetrating  particla 
beams,  as  opposed  to  lasm,  appears  pitdiiU- 
tive  for  energies  above  200-MeV.  Although  lab¬ 
oratory  neutral  particle  beams  ars  still  about 
10,000  times  less  bright  than  that  naeded  for 
sure  electronics  kills  of  RVs  in  space,  the  nec¬ 
essary  scaling  in  power  and  reduction  in  beam 
divergence  appears  fensible,  if  challenging. 


*Tfit  NPB  would  havo  virtvalljr  m  hotml  yhaaa  eapobUHy 
•fainot  advanoad  “raapondva”  l>uuaiart  ainca  ,>articla  baama 
canoot  pawaUaU  balow  about  160  kilnoMCart  altitudaw 
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However,  discussed  to  chapter  4  under  the 
topic  of  NPB  interactive  disa-imination,  it  is 
unlikely  that  engineering  issues  could  be  re* 
solved  before  the  late  1990s,  which  would  moat 
likely  postpone  deployment  and  effective  sye* 
tern  operation  to  at  least  2010-2015. 

Free  Electron  Laser.— The  free  electroa  laser 
(FED  is  one  of  the  more  promising  BMD  DEW 
weapon  csBdidstes.  The  FEL  is  in  the  research 
phase,  with  several  outstanding  physics  issues 
and  many  engineering  issues  to  tw  resedved. 
Even  if  powerful  lasers  ccukf  be  built,  the  high 
power  optics  to  rapidly  and  accurately  steer 
laser  beams  from  one  target  to  the  next  could 
limit  system  performance.  Although  the  basic 
system  concept  for  an  FEL  weapon  is  well  de¬ 
veloped.  it  is  too  early  to  predict  HMD  per¬ 
formance  with  any  c«tainty. 

Chemical  Laaei.— There  are  too  saaay  enccr- 
talntlea  to  project  BMD  performance  for  the 
chemically  pimped  hydroma  fluoride  (HF)  la- 
acr.  The  HF  bum  haa  bora  demonstrated  at 
relstively  high  power  levels  on  the  ground,  al¬ 
though  gitill  lOO.CXX)  times  less  bright  than  that 
needed  for  BMD  against  a  responsive  threat. 
Scaling  to  weapuns-level  brightness  would  re¬ 
quire  coherent  combination  of  large  laser 
beams,  which  remains  a  fundamental  issue. 
This,  coupled  with  the  relatively  long  wave 
length  (2.8  micron  region),  make  the  HF  laser 
leas  ittractive  for  advanced  BMD  than  the 
FEL. 

EtectromegseUc  Lanacher.— There  are  tee 
Buny  nneertaintiee  in  the  EML  or  railgna  pro¬ 
gram  to  project  oay  aignlficaBt  BMD  capabil- 
lUca  at  tUs  time. 

Space  Power  CoBcInaioiia 

PhaoeOae 

Power  ReqalrenaenU.— Nuclear  power  would 
be  required  for  moat  BMD  spacecraft,  both  to 
provide  the  necessary  power  levels  for  station- 
keeping.  and  to  avoid  the  vulnerability  of  large 
aolar  panels  or  solar  ccUectors. 

Dynamic  Isotope  Power  System.— The  DIPS, 
whl^  haa  been  grouad-tested  ia  the  2  to  5  kW 


rango,  abonld  be  adequate  and  available  by  the 
mid  to  late  i990a,  in  time  for  early  BSTS-type 
aensors. 

PhMt  Two 

Nuclear  Reactora.— Adequate  speoe  power 
may  not  be  available  for  SSTS  or  weapon  plat¬ 
forms  with  ladars  before  the  year  2000.  For 
BMD  satellites  that  require  much  more  than 
10  kW  of  power  the  SP-1(X)  nuclear  reactor/ 
thermoelectric  technology  would  have  to  be  de- 
vel(^>ed.  This  is  a  high-risk  technology,  with 
space-qualified  hardware  not  expected  More 
the  late  19908  to  early  20008. 


Phase  Three 

Chemical  Power.— Chemically  drivea  eaergy 
aources  (liquid  oxygen  and  liqakl  hydrogen  driv- 
lag  turbogenerators  or  fuel  cellsl  could  proba¬ 
bly  be  avdiable  for  burst  powers  of  MW  up  to 
GW  to  drive  weapons  for  huadrsda  of  ssco^ 
by  2000-2005. 

Power  for  Etectronagnetlc  Lauacbera.— H 
cuiTirBt  pulse  generators  for  slectromagii 
launchers  (EMLI  would  require  extensive  . 
velopment  and  engineering,  and  would  mor - 
likely  delay  any  EML  deploymenta  well  bto  the 
21at  century. 

High-Temperature  Supercoaductors.— Re- 
aearch  oa  high-teraperature  anpercoDductora 
Buggeeta  exdtlag  possibUJ  ties  la  terms  of  redue- 
lag  tb  space  power  requirements  and  Improv¬ 
ing  power  generatlou  and  coatlitioaing  effkiea- 
dra.  At  this  stage  of  laboratory  discovery, 
however,  it  is  too  early  to  predict  whether  or 
when  practical,  high  current  supmxonductors 
could  affect  BMD  syatema. 

Space  Conununicaiiona  Concluaioo 

Laser  communications  may  be  needed  for 
space-to-space  and  ground-to-space  links  to 
overcome  the  vulnerability  of  60-GH/  links  to 
jamming  from  nearby  satelLles.  Wtde-band 
laser  communications  should  be  feasible  by  the 
mid-1990s,  but  the  engineering  for  an  agile 
beam  steering  system  would  be  challeng^. 


Space  Transportation  Conclusions 
PhsM  One 

Mid-1990s  Deployments.— Extrapolating 
reasonable  extensions  of  existing  space  trans¬ 
portation  facilities  suggests  that  a  limited¬ 
effectiveness,  phase-one  BMD  system  begun 
in  the  mid-1990s  could  not  be  fully  deployed 
in  fewer  than  8  years.**  Assuming  that  the 
hardware  could  oe  built  to  start  deployment 
in  1^4,  the  system  would  not  be  fully  deployed 
until  2002.  A  more  ambitious  launcher-devel 
opment  program  and  a  high  degree  of  success 
m  bringing  payload  weights  down  might 
shorten  that  period. 

Phase  Two 

New  Space  Transportation  System.— A  fully 
new  space  transportation  system  would  be  re- 
(|Uired  to  lift  the  space  assets  of  a  “phase-two” 
BMD  system.  This  system  would  have  to  in¬ 
clude  a  vehicle  with  heavier  lift  capability 
(40,000  to  50,000  kg  v,  5,000  kg  for  the  Titan- 
4).  faster  launch  rates  (12  per  year  v.  3  per  year 
per  pad),  and  more  launch  pads  (4  v.  1). 


Optimistic  Assumptions,— Even  under  very 
optinustic  assumptions.**  the  new  space  trans¬ 
portation  system  would  be  unlikely  to  reach  the 
necessary  annual  lift  requirements  for  a  large- 
scale,  second-phase  BMD  until  2000-2005.  with 
full  phase^wo  deployment  completed  m  the  2006- 
2014  period. 

Phase  Three 

Ultimate  DEW  .Systems.— It  might  take  20  to 
35  years  of  continuous  launches  to  fully  deploy 

farterm,  phase-thret  BMD  qMce  assets  desig^ 

to  counter  with  very  high  effectiveness  an  ad¬ 
vanced,  “responsive.”  Soviet  missile  th'eeL  This 
estimate  assumes  deployment  of  the  proposed 
ALS  space  transportatimi  system  and  the  land 
of  advanced  space-based  laser  constellation 
suggested  by  SDI  system  architects.  A  set  of 
ground-based  laser  installations  could  reduce 
the  space  launch  deplo}rment  time  estimate  to 
12-25  years. 


“Thi»  iKmintM  that  two  launch  pad*  at  Vaodenberir  AFB 
4^«sl  and  the  StC-6  pad  intendad  for  the  Shuttle,  are  modi¬ 
fied  to  handle  the  new  Titan-4  complementary  expeodabic  launch 

whicle  (CKLV*.  and  the  launch  ratea  are  increaaed  from  throe 
Titana  per  year  per  pad  up  to  tU  per  year. 


■This  aaaumes  that  Oie  SDIO  bifurcatad  goal  ia  met- a  iwolu- 

tionary  apace  IranaporUtion  ayatam  with  10  timet  lower  coat 
la  develop^  in  12  yavt,  while  a  near-term  compaiaot  of  that 
ayatam  ywlda  a  working  vehicla  of  reduced  capabili.‘y  by  1004. 
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Chapter  6 

System  Development, 
Deployment,  and  Support 


INTRODUCTION 

The  preceding  chapters  review  the  status  of  opment  phase  to  operational  status.  These 

key  ballistic  missile  defense  (BMD)  technol*  steps  include: 
ogies,  describing  the  progress  made  and  the  .  architecture  definition, 
additional  advances  still  needed  to  meet  van-  *  system  development, 

ous  BMD  goals.  These  technologies  would  ,  system  testing, 

have  to  work  together  in  an  integrated  system.  ,  fabrication 

The  United  States  would  have  to  develop  the  ,  deployment,  and 
infrastructure  to  fabricate,  test,  deploy,  oper-  ^  operation  and  maintenance, 
ate,  and  mtdntain  that  system,  and  modify  it  ,  ,  .  , 

in  response  to  Soviet  countermeasures.  In  the  Givsn  the  complexity  of  a  global  ®y®' 

case  of  space-based  elements,  now  considered  tern  and  the  immaturity  of  many  technologies, 

essential  for  a  highly  effective  defense,  the  this  chapter  can  only  outline  and  give  some 

United  States  would  have  to  design,  test,  and  indication  of  the  multitude  of  challenges  that 

build  a  new  space  transportation  system.  Any-  would  face  engineers  and  manufacturers  if  a 
f  hing  but  the  fastest  develi^ment  of  this  trans-  decision  were  made  to  proceed  to  full-scale  ex¬ 
portation  system  could  delay  all  but  the  most  neering  development  (FSED)  and  then  to  de- 

m^est  space-based  BMD  deployment  to  well  ployment.  From  the  beginiung,  the  develop- 

into  the  2l8t  century.  ment  and  deployment  of  dependable  computer 

.  .  ,  .  ^  ,  j.  softwarewouldbeakey  issue;  the  subject  of 

This  chapter  explores  the  steps  mvolved  in  goftware  is  deferred  untU  chapter  9. 

moving  from  the  current  research  and  devel- 


ARCHITECTURE  DEFINITION 


The  %st  step  toward  deplojrment  would  be 
to  complete  the  detailed  system  design  or  ar¬ 
chitecture.  As  noted  in  chapter  3,  five  defense 
contractors  have  con^t^  with^  different 
BMD  system  designs.  The  Strategic  Defense 
Initiative  Organization  (SDIO)  has  conducted 
additional  analyses  outside  the  main  architec¬ 
ture  contracting  framework.  A  single  system 
architect  is  to  be  chosen  in  1988.  This  archi¬ 
tect  is  to  define  the  actual  BMD  system  in  de 
tail,  providing  infonnution  for  a  decision  on 
whether  to  proceed  to  the  next  step:  full-scale 
engineering  development.  The  SDIO  has  pro¬ 
mote;  Complete  definiti<ms  o^acnmyms  and  initialiamB 
an  Uated  in  Appatdix  B  of  Uua  report 


posed  sn  early  1990s  decision  on  FSED  but 
its  schedules  are  slipping  as  a  result  of  fund¬ 
ing  levels  that  are  below  its  earlier  expec¬ 
tations. 

In  the  meantime,  common  elements  in  the 
gristing  architecture  studies  can  be  used  to 
guide  the  research  pit  gram.  *  All  of  the  spa^ 
and  ground-based  ai'chitecture  designs  in¬ 
cluded  space-based  izfrared  (IR)  aensors  and 
space-ba^  interceptors  (SBIs).  All  assumed 

■EKh  arcliitact  defined  tlue>!  arRh-tectuies:  a  combination 
apace  and  ground-baaed  eiitirji.  a  ground-only  eyiUBi.  and  a 
toeatar  tleiense  eyetem.  In  idiitian,  rooct  architecta  bavacon- 
aideied  various  time-phaaad  optione.  For  Uua  diaruaaion  %a  are 
considering  primarily  the  csmbiaed  ^pace-  and  ground-br sad 
architaeturea. 


some  typ»e  of  groun  i-based  exo-atmospheric 
reentry  interceptor  system  (ERIS).  All  saw  a 
critical  need  for  niidcourse  interactive  discr^- 
nation,  although  this  task  might  be  too  diffi* 
cult  for  a  near-term,  phase-one  deployment. 


The  "concept  validation”  program  approved 
by  the  Secretary  of  Defense  in  S^tembv  1987 , 
included  work  on  SBIs,  ERIS,  and  associated 
sensors  and  battle  management  technology. 


SYSTEM  DEVELOPMENT 


The  system  engineer  must  combine  various 
components  and  sub-systems  defined  by  the 
architecture  into  a  working  system.  A  typical 
BMD  system  as  envision^  by  system  archi¬ 
tecture  contractors  for  intermediate-term 
("phase-two”)  d^o}nnent  might  have  included 
30,000  major  sub-systems  of  nine  different 
types  (for  suggested  major  components  of  a 
phase-two  system,  see  table  1-2  in  ch.  1).  The 
sub-systems  would  be  tied  together  by  a  com¬ 
munications  network.  These  sub-systems 
would  have  to  work  together  under  the  direc¬ 
tion  of  battle  management  computers.* 

For  each  of  these  components,  the  system 
engineer  would  have  to  consider  the  following 
issues: 

•  Mass  is  particularly  critical  for  SBIs:  they 
would  have  to  be  light  to  reduce  space 
transpcHlation  costs  and  to  achieve  the 
necessary  velocity  during  battle. 

•  Total  volume  may  be  limited  by  the  space 
transportation  system.  All  space  sub-sys¬ 
tems  would  have  to  conform  to  the  launch 
vehicle  internal  dime'nsions,  preferably 
with  minimum  wasted  payload  space. 

•  Fm*  early  deplo3rment  (late  1990s),  the 
choices  for  space  base-load  power  would 
be  limited  to  solar  (which  is  vuln^able), 
or  nuclear,  w'hich  would  have  to  be  devel¬ 
oped  and  space-qualified  in  the  power 
ranges  needed  for  BMD.  Far-term  di¬ 
rect-energy  weapons  could  be  driven  by 
liquid  oxygen/liquid  hydrogen  turbogener¬ 
ators  or  fuel  cells  for  a  f»?w  hundred  sec¬ 
onds.  The  weight  of  power  supplies  might 
dominate  future  systems. 

*As  discussed  in  ch.  7.  this  batUe  management  function  would 
likely  be  distributed  among  many  computers  on  different  sat¬ 
ellites  for  survivabiUty. 


Heat  rejected  by  the  various  devices 
would  have  to  be  minimized  and  properly 
managed,  since  cooling  systems  take  up 
weight  and  power. 

ALnost  aU  sub-systems  would  have  to  be 
produced  in  large  quantities  compared  to 
previous  space  systems.  These  compo¬ 
nents  would  have  to  be  capable  of  mass 
production,  as  compared  to  the  one-of-a- 
kind  laboratory  fabrication  used  in  many 
of  the  SDIO  technology  demonstration 
projects.  The  United  States  has  never 
mass-produced  any  satellites. 

All  components  would  have  to  withstwd 
severe  radiation  environments,  including 
nearby  nuclear  explosions.  This  would  be 
particularly  stressing  on  electronic  com¬ 
ponents  such  as  IR  detectors.  The  detec¬ 
tors  and  most  electronics  used  for  dem¬ 
onstration  experiments  would  not  be 
suitable  for  BMD  deplo3rment. 

These  systems  would  have  to  endure  and 
operate  on  call  after  sitting  dormant  (ex¬ 
cept  possibly  for  periodic  tests)  for  years. 
The  current  goal  is  at  least  5-year  life  for 
first-phase  deplo3rment,  with  7  years  desir¬ 
able.  Limited  lifetimes  would  further  bur¬ 
den  the  space  transportation  system  with 
replacement  or  repair  missions. 

Many  systems  might  have  to  <qwrate 
with^  seconds  w  minutes  after  warning, 
although  there  might  be  an  alert  status 
lasting  for  days  or  weeks.  Trade-offs  be¬ 
tween  long  alert  times  and  fuel  consump¬ 
tion  might  be  necessary. 

All  space-based  systems  would  have  to 
operate  automatically,  compared  to  the 
careful  "hand  tweaking”  common  in  ex- 
periraents.  In  particular,  there  would  be 
UtUe  or  no  opportunity  for  the  routine 
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mainteponce  common  to  aU  terrestrial  mil* 
itary  systems. 

•  Various  sub-systems  and  components 
would  have  to  work  together.  For  exam¬ 
ple,  radiation  from  a  nuclear  power  sup¬ 
ply  must  not  degrade  the  operetion  of  sen¬ 
sitive  IR  sensors  or  electronics.  Similarly, 
fumes  from  a  propulsion  system  must  not 
fog  the  optics  of  critical  sensors,  and  vibra¬ 
tion  from  power  sources  must  not  degrade 
weapons  pointing  accuracy. 

•  If  components  are  prone  to  faOure,  they 
should  be  easily  replaceable  or  adjustable. 
For  space-based  systems,  a  key  issue 
would  be  whether  to  replace  entire  satel¬ 
lites  when  they  failed,  or  to  attempt  peri¬ 
odic  manual  or  robot!''  repair. 

•  All  systems  and  components  should  sur¬ 
vive  both  natural  and  man-made  environ¬ 
ments.  Survivability  measures  rich  as 
decoys,  redundancy,  shielding,  maneuve^ 


ability,  electronic  januning,  and  shoot- 
back  would  add  mass  to  space-based  com¬ 
ponents.  One  system  architect  estimated 
that  survivability  measures  would  ac¬ 
count  for  70  percent  of  uu-orbit  mass  for 
SBl  systems. 

•  The  communications  channels  would  have 
to  be  secure  against  interception,  manipu¬ 
lation,  and  jamming. 

•  The  systems  should  be  safe  in  manufac¬ 
ture,  assembly,  transport,  and  operation. 

SDIO  is  funding  research  in  all  of  these 
areas.  Optimists  believe  these  characteristics 
may  be  achievable;  pessimists  question  wheth¬ 
er  ^e  break  necessary  from  past  practice  and 
experience  is  possible;  others  say  it  is  too  early 
in  the  research  program  to  judge  whether  the 
United  States  could  achieve  all  of  these  attri¬ 
butes  in  a  working  system. 


SYSTEM  TESTING 


Testing  of  both  hardware  and  software  is  es¬ 
sential  to  any  engineering  project.  Ctunponents 
are  tested  and  modified  to  overcome  deficien¬ 
cies.  Sub-systems  are  tested  and  modified.  Fi- 
naUy,  prototypes  of  the  complete  system  are 
built  aixi  test^  under  full  operating  conditions 
whenever  possible.  These  system  tests  invari¬ 
ably  reveal  faults  in  the  original  design,  faults 
which  must  be  corrected  before  production 
begins. 

A  ballistic  missile  defense  system  could  not 
be  tested  in  a  full  battle  condition.  Instead, 
the  systems  engineer  would  have  to  rely  on 
some  ctxnbination  of  computer  simulations  and 
operation  under  simulated  conditions.  The 
anti-ballistic  missUe  (ABM)  treaty  prohibits 
space-based  tests  in  an  ABM  mode  which 
would  be  necessary  to  establish  even  minimal 
confidence  in  SBls. 

In  place  of  complete  system  testing,  the 
SDIO  is  developing  the  National  Test  Bed. 
This  tost  bed  (see  ch.  8)  is  to  tie  together  many 


communication  nodes  and  computers  via  sat¬ 
ellite,  sima'ating  some  of  the  complexity  of 
BMD.  Som  )  types  of  hardware  (such  as  sen¬ 
sors)  would  I  Jso  be  coupled  into  this  test  sys¬ 
tem  as  they  became  available,  "talking”  to  ^e 
computers  as  they  would  in  a  real  battle.  The 
cost  of  simulation  will  be  high,  but  this  is  the 
only  way  to  give  leaders  some  degree  of  confi¬ 
dence  in  q^tem  (iteration.  One  of  the  k^  judg¬ 
ments  the  President  and  Congre'is  will  have 
to  make  about  the  SD!  progran.  will  be  the 
level  of  confidence  to  be  plac^  in  a  global  eye- 
tern  that  has  never  been  tested  in  l  full  opera¬ 
tional  mode. 

Testing  so  far  under  the  SDTC  program  has 
been  limited  to  the  component  or  sub-system 
level,  usually  under  simplified  or  artificial  con¬ 
ditions.  These  experiments  have  >'id[ded  valu¬ 
able  information  n-ecessary  for  the  ongoing  re¬ 
search  and  devdopment  effort;  the  United 
States  should  not,  however,  confose  a  (tomon- 
stration  test  with  operational  readiness  (see 
box  6- A). 


Box  6-A.^DIO  Demonstration  Experiments' 

Homing  Overlay  EIxperiment:  The  HOE  demonstrated  on  the  fourth  test  (June  10, 1984)  that 
an  experimental  IR  homing  vehicle  can  acquire  and  collide  with  a  simulated  reentry  vehicle  in  flight. 
The  RV  was  launched  aboard  a  test  ICBM  from  Vandenberg  AFB  in  California.  After  detection 
by  radars  on  Kwajalein,  a  rocket  carrying  the  experimental  groundJaunched  interceptor  was  fired 
from  a  nearby  island  toward  the  oncoming  RV.  The  IR  sensor  on  the  interceptor  then  acquired  the 
RV  and  guided  the  interceptor  to  a  direct  hit  high  above  the  Pacific. 

While  this  wait  an  encoui^aging  and  successful  experiment,  it  does  not  mean  that  the  United 
States  could  deploy  operational  exoatmospheric  interceptors  tomorrow.  The  HOE  experiment  used 
parts  of  an  existing  missile,  too  large  and  expensive  for  an  affordable  BMD  system.  The  IR  sensor 
was  cooled  for  many  hours  prior  to  the  test;  an  operational  system  could  not  be  maintainea  at  such 
cold  temperatures.  I'he  detectors  were  not  hardened  against  nuclear  radiation;  new  types  of  detec¬ 
tors  would  be  required  for  the  operational  system.  The  simulated  RV  fired  from  Vandenberg  AFB 
in  California  radiated  about  10  times  more  IR  energy  than  that  expected  from  todcy’s  Soviet  RV, 
and  future  RVs  could  have  even  lower  IR  signatures  with  thermal  shrouds.  There  was  only  one 
RV,  and  the  experimenters  knew  when  and  where  it  woiild  be  fired;  the  real  issue  for  exoatmospheric 
interception  is  decoy  discrimination— separating  one  RV  out  of  a  cloud  of  hundreds  or  thousands 
of  other  objects,  including  tethered  balloons.  Opinions  differ  on  how  difficult  this  would  be. 

Delta  180:  The  Delta  180  mission  (Sept.  5, 1986)  launched  a  Delta  missile  into  space;  the  two 
upper  stages  of  this  missile  were  both  placed  in  orbit.  Each  contained  sensors  later  used  to  measure 
ra&ation  from  the  other  and  from  another  missile  launched  from  White  Sands,  New  Mexico  during 
one  orbit.  One  stage  also  contained  a  radar  sensor  used  to  guide  the  two  stages  into  a  collision  course 
at  the  end  of  the  experiment. 

The  Delta  1 80  was  a  very  successful  measurement  program,  providing  useful  information  about 
radiation  fi^m  rocket  exhaust  plumes,  both  at  close  range  in  space  and  from  the  ground-launched 
Aries  rocket.  Some  radiation  patterns  confirmed  expectations,  but  there  were  some  surprises  which 
could  improve  our  ability  to  detect  and  track  future  missile  plumes.  Tracking  algorithms  were  also 
tested  in  the  final  interception  with  the  target  stage  accelerating,  which  is  more  difficult  than  for 
targets  with  constant  velocity.  The  entire  Delta  180  mission  took  only  18  months  from  start  to 
finish,  requiring  extraordinary  management  and  dedicated  performance  by  defense  contractors. 

However,  this  measurements  program  should  not  be  confused  with  a  demonstration  of  the  near 
operational  readiness  of  space-ba^  interceptors.  This  interception  had  little  resembU  nce  to  the 
BMD  problem— and  could  not  have  without  violating  the  ABM  treaty.  The  relative  velocities  and 
ranges  of  the  two  stages  were  far  less  than  those  required  for  BMD.  The  target  stage  had  a  large 
radar  reflector  (over  1  square  meter).  The  size  and  mass  of  the  interceptor  stage  (over  2,900  kg  com¬ 
pared  to  a  goal  of  less  than  200  kg  for  SBIs)  would  eliminate  any  possibility  of  achieving  the  veloci¬ 
ties  required  of  a  SBI  to  kill  an  ICBM.  All  planned  SBIs  discussed  to  date  would  require  an  IR 
sensor  for  final  homing,  while  Delta  180  used  a  Phoenix  air-to-air  missile  radar.  FinaUy,  the  near 
head-on  aspect  of  the  &al  kill  would  not  be  typical  for  a  BMD  mission,  and  did  not  stress  the  divert 
capability  of  the  interceptor. 

FLAGE:  Six  of  nine  planned  tests  of  the  ^‘flexible,  li^t-we^^t  agile  guided  experiment'*(FLAGE) 
short-range  terminal  interceptor  missUe  have  been  completed.  On  the  second  test,  the  radar-guided 
homing  interceptor  passed  very  dose  to  the  target,  again  intiicating  that  hit-to-kill  interceptors 
are  feasible  under  appropriate  conditions. 

In  the  FLAGE  tests,  the  target  vehicle  was  flown  into  a  highly  instrumented  volume  of  air 
above  the  White  Sands  Missile  Range.  Although  artificial,  th: j  controlled  environraent  is  appropri¬ 
ate  for  an  experiment,  which  should  collect  as  much  data  as  possible.  The  successful  interception 

*TbMe  comsMuta  oo  Um  SDI  valkUtkm  ez^nmenU  tbould  not  Im»  eoiutniad  m  critidam  ot  SDIO  managwamt  Theta  art  iB  tound 
eaperimtoU  properly  designed  to  collect  bits  of  information  necessary  on  the  path  to  developing  a  working  S3r8tem.  At  this  time  we  have 
DO  major  element  of  a  non-nticlear  ballistic  missile  defease  system  which  hat  been  tested  in  a  system  mode  with  equipment  suitable  lor  actual 
operatioii. 


m 


does  not  imply  t^at  the  United  States  could  build  a  FLAGE  interceptor  system  today  that  wouid 
be  enective  agamt  uncooperative  targets  in  all  types  of  weather.  A  FLAGE*derived  interceptor 
would  not  be  suitable  for  defendiug  soft  targets  such  as  cities. 

MIRACL  La^  Teat:  The  MIRACL  DF  laser  at  White  Sands  was  aimed  at  a  8trapped*down 
Titan  rocket  casing.  The  booster  casing  was  stressed  wif'a  high  pressure  nitrogen  to  aim  date  the 
stresses  expected  in  flight,  fhe  laser  beam  heated  the  skin  of  the  tank,  which  then  exploded  in  a 
few  seconds  as  the  shell  weakened. 

This  experiment  essentially  tested  target  lethality:  how  much  IR  energy  is  required  to  weaken 
a  Titan  tank  until  it  ruptures?  The  laser  beam  was  about  100,000  times  less  bright  than  one  required 
to  destroy  a  responsive  Soviet  booster  from  a  distance  of  1,000  km  or  more.  It  was  not  a  test  of 
a  directed-energy  weapon  system.  The  key  issues  for  any  DEW  are  target  acquisition  and  tracking, 
beam  pointing  over  very  liurge  distances,  and  particularly  the  questions  of  retargeting  and  beam 
jitter:  could  one  keep  the  laser  beam  focused  on  one  spot  on  the  booster  body  while  the  booster 
and  the  DEW  platform  travel  through  spa^e  at  many  kilometers  per  sscond?  Other  more  complex 
experiments  would  be  required  to  answer  these  crucial  questions.  R^  confidence  in  any  DEW  would 
require  space-based  testing  under  d}mamic  conditions. 


FABRICATION 


Once  a  system  had  been  developed  and 
tested  to  the  degree  possible,  it  would  have  to 
be  manufactured.  The  manufacturing  toob  end 
facilities  to  fabricate  much  of  the  specialized 
equipment  needed  for  BMD  are  not  yet  avail¬ 
able.  In  some  cases,  expansion  or  mo^fication 
of  existing  manufacturing  facilities  might  be 
adequate.  In  other  cases,  entirely  new  manu¬ 
facturing  techniques  would  have  to  be  devel¬ 
oped  and  skilled  workers  trained.  The  SDI 
research  program  b  addressing  some  key  man¬ 
ufacturing  bsues,  such  as  mirror  and  focal 
plane  array  (FPA)  fabrication  techniques. 

Some  of  the  key  manufacturing  challenges 
are  summarized  in  tabb  6-1,  along  with  an  esti¬ 
mated  compariixin  of  current  manufacturing 
capacity  with  second-phase  BMD  needs.  These 
comparisons  are  not  always  valid,  however. 
For  example,  curront  (FPA)  manufacturing  ca¬ 
pacity  is  for  non-radiation  hardened  arrays 
with  less  than  180  detector  elements.  Ballis¬ 
tic  missUe  defense  sensors  must  survive  in  a 
radiation  environment,  so  new  t3q>es  of  detec¬ 
tors  are  being  develop^,  along  with  all  new 
manufacturing  techniques. 

The  items  in  table  6-1  represent  only  phase- 
two  BMD  deployments,  excluding  items  such 
as  interactive  discrimination  apparatus  and 


Table  6-1.— Examples  of  Current  v.  Required 
Menufacturfng  Cepecily  for  Proposed  BMD  Systems 


Current 

capacity 

Required 
cap'xity  for 
Phase-ll  BMD 

Large  area  mirrors  (square 
meters  per  year) . 

1-2 

100-2.000 

Focal  plane  arrays  (number 
of  elements  made  per 
y«ar) . 

10* 

10^10* 

Sapphire  windows  (for 

HEDI;  number  per  yeai)  . 

50 

600-1.000 

Precision  guided  missiles 
(per  year) . 

100s 

1.000^.000 

Satellites  (per  year) . . . 

lOs 

300-500 

Space-launch  rockets . 

10s 

100s 

SOURCE;  OfflCB  of  Tochnotogy  ABttBtmgwt,  1988. 

directed-energy  weapons  (DEW).*  Building 
hundreds  of  space-qualified  neutral  particle 
beam  accelerators  or  high  power  las^  with 
their  rapid  pointing  and  retargeting  mecha- 
nbms  would  certaiidy  stress  manufacturing 
capability. 

Any  manufacturing  process  must  minimizA 
cost  and  delivery  time  while  maintaining  high 
quality.  These  three  virtues  have  add^  sig¬ 
nificance  for  BMD. 


'Note,  however,  that  recently  the  SDIO  hae  suggested  the 
possibility  of  including  such  Aments  in  phase  two. 


PMo  endit:  U.S.  D9f*srtm&nt  of  Doform 


Delta  180  payload ->The  payload  of  the  Delta  180 
experiment,  atop  a  Delta  booster,  is  shown  during 
shroud  installation  on  Pad  17  at  Cape  Canaveral. 
Multiple  boxes  carrying  optical  sensors  are  mounted 
on  the  side  of  the  rocket’s  second-stage  truss  at 
bottom.  The  mast  on  top  of  the  third  stage  is  a  Phoenix 
missile  sensor,  which  helped  guide  an  intercept 
between  the  two  vehicles  to  obtain  rocket  motor  plumo 
data  at  short  distances. 
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Photo  emht:  US.  Doportmont  of  Dofonsm 

Lethal  test  of  high-velocity  pro ject lies. ^Electroi.iag- 
netic  launchers  might  hud  smalt  homing  projectiles 
at  distant  missile  stages  or  warheads.  In  this  test  of 
the  effects  of  high-velocity  Impact,  a  small  (unguided) 
plastic  projectile  hit  a  cast  aluminum  block  at  7  km/s. 
This  was  a  test  of  lethality,  not  of  a  weapon: 
the  projectile  was  rrot  launched  from  an 
electromagnetic  launcher. 
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Photo  croi^it:  US.  Doportmont  of  Oofonm 

Laser  lethality  test.— In  September  1906  this  test  at 
White  Sands  Missile  Range,  N.M.,  investigated  the 
possible  effects  of  a  laser  beam  on  a  rocket  booster. 
The  test  vehicle  was  the  second  stage  of  a  Titan  I 
booster  missile  body.  External  loads  were  applied  to 
the  booster  to  simulate  flight  conditions  typical  of 
current  operational  Soviet  missile  systems.  The  test 
vehicle  contained  no  liquid  propellant  or  explosives. 

It  was  Irradiated  with  a  high-energy  laser  beam  for 
several  seconds  before  being  destroyed.  The  laser 
used,  the  Mid-Infrared  Advanced  Chemical  Laser, 
generates  a  beam  energy  greater  than  1  MW/sr.  It  is 
a  test  laser,  not  develop^  for  deployment  In  space. 


Cost 

The  projected  costs  for  a  BMD  system  will 
strongly  affwt  a  national  decision  on  whether 
to  prcKeod  with  production  or  deployment.  In 
edition  to  total  costs,  the  incremental  costs 
of  BMD  would  have  to  be  less  (some  think  sub- 
stantially  less)  than  the  perceived  incremental 
cost  of  Soviet  countermeasures.  Thus  the  unit 
costs  of  a  deployed  SBI  might  have  to  be  less 
than  l/370th  to  l/12th  the  cost  of  a  Soviet 
booster.*  On  the  other  hand,  the  leverage  pro¬ 
vided  by  a  successful  “adaptive  preferential 
defense  might  improve  this  cost-exchanee  ra¬ 
tio  (see  ch.  1). 

The  allowable  costs  for  a  ground-based  exo* 
atmospheric  interceptor  would  depend  on  the 
system  architecture.  With  low  leakage  from 
^e  boost  phase  and  good  discrimination,  each 
interceptor  would  have  to  engage  only  a  small 
p^entage  of  the  attacking  Soviet  reentry  ve- 
Wcles  (RVs),  wd  the  interceptor  could  be  rela¬ 
tively  expensive.  If  discrimination  were  poor, 
which  might  be  the  case  in  a  phase-one  deploy¬ 
ment,  then  the  interceptor  might  be  compet¬ 
ing  with  cheap  decoys.  The  defense  wc  old  not 
be  cost-effective  at  the  margin  if  every  exo- 
atmospheric  interceptor  had  to  cost  less  than 
10  light-weight  decoys,  or  even  less  than  10 
heavy  decoys.* 

Time 

The  ti^  to  manufacture  components  for 
BMD  might  be  crucial  in  sever^  respects. 

’VfJ'  t*i«t  8  percent  of  the  SBls 

wo^d  te  within  range  of  the  Soviet  missile  fields  and  that  one 
pi  IS  fired  at  each  booster  or  PBV.  There  are  no  extra  SBIs 
for  redui^ancy  or  shoot-back  against  Soviet  ASATs.  In  this 
case^  United  States  would  have  to  add  about  12  SBIs  (and 
another  earner  satellitel  for  each  new  Soviet  booster.  The  370- 
ratio  cotDM  from  a  concentrated  basing  of  new  Soviet 
b^Un  m  a  relatively  amaU  crea,  say  160  km  by  160  km.  In 

tlua  case  the  United  States  would  have  to  deploy  370  extra  SBIs 

ai^  their  associated  satellites  for  each  new  Soviet  booster  to 
•chieve  an  85  percent  probability  of  destroying  that  extra  RV. 

Mf  the  boost  phase  defense  let  through  10  percent  of  the 
boasters,  and  each  booster  carried  10  warheads,  10  heavy  de¬ 
coys,  and  100  light  decoys,  then  the  exo-atmospheric  intercep¬ 
tor  system  would  have  to  engage  one  warhead,  one  heavy  de¬ 
coy.  ^  10  light  decoys  for  each  booster  launched  With  perfect 

oiscnmmatioa  one  d^loyed  interceptor  would  have  to  less 

than  one  loaded  booster.  Without  any  discrimination,  one  in¬ 
terceptor  would  have  to  cost  l/12th  of  tlto  booster. 


Ideally  the  system  should  be  deployed  quickly 
to  avoid  transition  instabilities,  although  sys¬ 
tem  architects  differ  on  this  point.  Opponents 
could  be  produced  and  stockpiled  until  deploy¬ 
ment  began.*  To  the  degree  that  space  trans- 
iwrtation  would  pace  deployment,  production 
times  would  not  be  criticed. 

But  the  United  States  would  also  be  locked 
in  a  race  with  Soviet  countermeasures.  If  the 
United  States  could  not  produce  and  deploy 
enough  SBIs  before  the  ^viets  had  reduced 
a  substantial  number  of  their  booster  bum 
times  below  140  seconds,  then  BMD  boost- 
phase  a/stem  effectiveness  would  drop  signif¬ 
icantly,  perhaps  to  zero.  The  SBIs  might  force 
the  Soviets  to  faster  post-boost  vehicle  (PBV) 
dispersals,  which  could  reduce  the  number  of 
RVs.  At  some  point,  however,  there  would  he 
no  sense  in  deploying  SBIs  (and  particUcrly 
SBIs  which  (lid  not  have  any  midcourse  capa¬ 
bility  against  RVs)  untfl  DEW  were  develop^. 
(See  also  ch.  6  and  the  key-issues  section  at 
the  end  of  this  chapter  for  more  analysis  of  SBI 
effectiveueea  against  boosters  with  moderately 
fast  bum  times.) 

On  the  other  hand,  if  the  United  States  could 
produce  and  deploy  an  SBI  system  in  a  few 
years,  and  if  it  could  build  and  deploy  a  credi¬ 
ble  DEW  system  as  the  Soviet  Union  con¬ 
verted  to  faster-burning  boosters  and  fast-dis¬ 
persing  PB  Vs.  then  BMD  effectiveness  might 
continue.  .  . 

Production  tune  involves  not  only  the  pro¬ 
duction  rate,  but  the  time  to  design,  friild,  and 
debug  the  manufacturing  facilities,  including 
n^essaiy  training  of  production  workers. 
Smee  many  new  technologies  are  (xmtem- 
plated,  there  might  be  relatively  long  periods 
before  routine  production  could  begin. 


Quality 

Qu^ty  control  would  be  essential,  particu¬ 
larly  for  space-based  deployment.  Repair  or 
even  replacement  of  faUed  assets  in  space 


,.  of  Technology  Aswument.  Bal- 

^cMisstje  Defense  Tecimohgiea.  0TA-ISO264  (Washings 
ton,  D.C.:  U.S,  Government  Pitting  0£5ce),  p.  1 19. 
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might  severely  stress  space  transportation,  just  to  lift  the  initial  BMD  equipment  into 
peirticulariy  if  space  launch  facilities  were  com-  place, 

pleteiy  occupied  over  a  period  of  5  to  10  years 


DEPLOYMENT 


Given  tnat  some  boost-phase  defense  capa¬ 
bility  would  be  key  to  a  highly  effective  BMD 
system,  and  given  that  the  United  Stat'es  cur¬ 
rently  has  very  little  space  launch  capability, 
deployment  of  space-based  assets  would  most 
likely  limit  the  operational  starting  date  for 
BMD.  As  shown  in  the  space  transportation 
^tion  of  chapter  5,  the  United  States  would 
have  to  build  a  new  space  launch  system  to 
lift  into  orbit  the  necessary  number  of  SB  Is 
end  their  supporting  satellites.  The  timing  of 
the  de'^elopment  and  availability  of  a  new 
space  launch  s /stem  is  unclear,  but  it  is  doubt¬ 
ful  that  it  would  be  possible  to  launch  signifi¬ 
cant  numbers  of  SBIs  before  the  mid  to  late 
1990s. 


Several  years  of  continuous  space  launch 
activities  from  several  launch  pads  would  then 
be  necessary  to  deploy  enough  SBIs  to  provide 
cne  shot  against  each  missile  or  PBV  in  todajr’s 
fleet  of  Soviet  intercontinental  ballistic  mis¬ 
siles  (ICBMs).  The  SDIO,  however,  does  not 
prop  )se  deploying  that  many  SBIs  in  a  first- 
phase  system.  It  argues  that  lesser  ciq>abilities 
would  still  have  worthwhile  deterrent  value. 
(See  section  below  on  scheduling  and  deploy¬ 
ment  issues  for  discussion  of  the  effect  of  de¬ 
ployment  rates  on  SB  I  system  effectiveness.) 


OPERATION  AND  MAINTENANCE 


Once  deployed,  the  BMD  system  would  have 
to  be  kept  in  operating  order.  Ground-based 
elements  such  as  ERIS  could  be  periodically 
tested,  disassembled,  and  repaired  as  needed. 
For  space-based  assets,  both  testing  and  re¬ 
pair  would  be  difficult  unless  built  into  the  ini¬ 
tial  design.  Methods  would  be  needed  to  de¬ 
termine  if  the  sensor  or  the  guidance  system 
on  a  dormant  SBI  would  operate  in  a  war.  Com¬ 
puter  systems  would  have  to  be  exercised  to 
make  sure  radiation  in  space  had  not  altered 
a  key  software  bit  that  might  subsequently  in¬ 
hibit  successful  operation.  The  status  of  dor¬ 
mant  space  assets  would  have  to  be  monitored 
carefully  and  frequently. 

Once  defective  space  systems  were  diag¬ 
nosed,  they  would  have  to  be  replaced  or 
repaired.  The  system  architecture  would  have 


to  incorporate  some  combination  of  redun¬ 
dancy  or  on-orbit  repair  or  replacement  to 
maintain  the  total  system.  The  space  trans- 
penrtation  system  woidd  have  to  be  sized  to  han¬ 
dle  this  load. 

Space-based  assets  might  also  need  to  be 
mo&fied  in  response  to  Soviet  countermeas¬ 
ures.  SBI  sensors  Initially  designed  for  track¬ 
ing  only  booster  plumes  with  short  or  medium- 
wave  IR  sensors  might  become  worthless 
against  faster-burning  boosters.  Should  a 
second-phase  system  add  LWIR  sensors  to 
previously  deployed  SBIs  to  give  them  mid¬ 
course  Idll  capability?  Trade-off  studies  wculd 
determine  whether  it  would  be  more  cost-effec¬ 
tive  to  replace  components  on  obsolete  satel¬ 
lites  or  simply  to  add  entirely  new  satellites. 
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EXAMPLE  BMD  SUB-SYSTEM:  SSTS 


To  appreciate  some  of  the  complexity  of  a 
BMD  system,  consider  just  one  of  the  systems 
in  table  1-2:  a  moderately  sophisticated  Space 
Surveillance  and  Tracking  System  (SSTS).  The 
potential  sub-systems  of  an  SSTS  are  shown 
in  table  6-2.  Almost  every  subsystem  on  this 
list  would  require  development  to  meet  the 
probable  BMD  specifications. 

At  the  next  level  down,  just  one  sub-system 
from  the  SSTS,  a  three-color  LWIR  sensor, 


would  include  the  couifOnents  listed  in  table 
6-3.  Again,  most  of  thet )  components  must  be 
developed  to  meet  E  -TD  specifications.  An 
analysis  of  the  other  .SSTS  sab-systems  and 
the  other  major  sub-systems  in  the  three 
phases  of  SDI  would  reveal  literally  hundreds 
of  sizeable  development  programs  which  would 
have  to  come  together  to  form  the  complete 
system. 


table  6-2.— SSTS  Sub-Systems  $-3.— Thcee-Color  LWIR  Sensor  Componento 


Davalopmant 

raquirad 

Development 

required 

Propulsion  (for  static  rvkMpIng) . 

Communications  (spaoe-to-space) . 

Communications  (spacs-toijround) . 

Low 

High 

High 

High 

Drlmwrv  mirmr  . . . . 

. . .  High 

High 

Medium 

Thrsscolor  LWIR  sansot(s) . 

SWIR/MWIR  senwits) . 

!!  High 

Medium 

High 

Three-color  focal  plan*  array  (FPA) . 

Signal  processor . 

..  High 

High 
Medium 

Lasar  ranger/dasignator . 

Medium 

Servo  control  system . . . 

Medium 

Star  trackaits) . 

Medium 

Thermal  control  system . 

Low 

Computar  and  mamory . . . . . . 

Medium 

Low 

Waste  naat  rajaciion . 

Support  structure . 

•  ■  fTI  WIIWI 1  • 

Low 

Support  structures . 

Low 

SOURCE:  OHlc»  of  Tochnotogy  AiMM^nont.  1968 

SOURCE;  Ottlco  Of  Tochodogy  Asnwmonl.  1968. 

KEY  SYSTEM  ISSUES 


Building  and  deploying  a  system  on  the  scale 
of  proposed  BMD  architectures  wovdd  stress 
the  U.S.  engineering  and  manufacturing  infra¬ 
structure  on  many  fronts.  However,  three  crit¬ 
ical  systems  issues  are  unique  to  ballistic  mis¬ 
sile  defense  with  space-bas^  components:  the 
lack  of  realistic  system  testing,  the  necessity 
for  automated,  cranputert-ontrolled  operation, 
and  the  difficulties  of  scheduling  and  space  de¬ 
ployment 


System  Testing 

The  inability  to  test  fully  a  global  BMD  sys¬ 
tem  (both  hardware  and  software)  would  cast 


doubt  on  its  operational  effectiveness.  The 
administration  and  Congress  will  have  to  de¬ 
cide  on  the  deployment  of  a  system  whose  p»- 
formance  would  have  to  be  predicted  largely 
by  computer  simulations.  Tire  National  Test 
Bed  and  j^ture  component  tests  would  im¬ 
prove  the  verisimilitude  of  those  simulations, 
but  they  could  not  encompass  all  of  the  com¬ 
plexity  of  the  real  world.  Some  issues  such  as 
sensor  operation  against  a  nuclear  explosion 
background  in  space  could  not  be  test^  even 
at  the  component  level  without  abandomng  the 
Limited  Test  Ban  Treaty.  Except  in  computer 
simulations,  the  system  could  not  be  tested, 
short  of  war,  with  even  10  percent  of  the  pos¬ 
sible  wartime  threat. 
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It  U  trw  that  alt  mibtary  aystems  are  eub- 
ject  to  uncprtainty  when  they  first  go  into  bat¬ 
tle.  A  fiithter  aircraft,  despite  the  best  flijtht 
test  program  can  never  be  tested  with  all  the 
variables  that  wiU  arise  in  a  real  battle.  An 
aircraft-carrier  battle  group  could  never  antici¬ 
pate  e!I  possible  situations  in  some  future  br  t- 
tle  with  a  capable  adversar>'.  and  might  be  sue- 
cepdble  to  unforeseen  vulnerabilities.  The  U.S. 
carrier  battle  groups  have  never  fought  against 
an  enemy  with  modem  "smart  weafions.” 
There  is  uncert  ainty  in  the  porfvirmance  predic¬ 
tions  of  these  conventioniJ  roiUtary  aysiems. 

A  global  HMD  system  would  havee>-eii  more 
complex,  unlestshle  sub-system  interactions. 
Even  full  interception  tests,  using  SB  Is  filled 
against  ICBMs  launched  from  Vandenberg 
AFB,  could  involve  at  best  a  salvo  launch  of 
a  few  missiles.  This  would  not  substitute  fw 
the  launching  of  a  thousand  missiles  by  the 
Soviet  Union  at  a  time  of  their  choosing, 
preceded  by  anti-Mtellite  weapon  (ASAT)  at- 
t.^8  and  nuclear  precxiraor  explosions.  Indi¬ 
vidual  components  such  as  sensors,  data  proc¬ 
essors,  ?nd  communication  equipment  could 
be  tested  by  themselves  to  full  operational  ca¬ 
pacity  in  the  lahoratwcy  or  in  simulated  space 
chambers,  and  some  effects  of  nuclear  explo¬ 
sions  could  be  tested  at  the  Nevada  test  site. 
In  any  case,  the  complete  BMD  system  could 
not  be  tested  as  an  integrated  unit  against  a 
r-al  thrMt.  Neither,  on  the  other  hand,  could 
the  Soviet  offensive  ballistic  missile  force. 

Automatic  Operation 

Automation  has  made  dramatic  changes  in 
factories  and  some  military  weapons  systems. 
Robotics  is  firmly  established  in  many  manu¬ 
facturing  situations,  and  will  grow  in  the  fu¬ 
ture.  However,  space-based  BMD  systems 
would  cross  into  new  engineering  domains  of 
automatic  operation  on  several  counts: 

•  continuous  unattended  stand-by  opera¬ 
tion  for  years, 


•  a  continuously  changing  const^ation  of 
components  which  would  have  to  operate 
together  as  a  unit,  and 

•  operstkNi  under  adverse  conditions  against 
an  opponent  determined  to  defeat  the 
system. 

None  of  these  limitations  la  ancountered  in 
automated  factories. 

Automatic  fire  control  systems  are  common 
in  today's  weapons.  Human  intervention  is  al¬ 
ways  possible,  however,  to  repair  and  main¬ 
tain  the  sysUm.  The  United  States  has  never 
operated  a  weapon  system  in  space.  Both  the 
United  Stales  and  the  Soviet  Union  have  oper¬ 
ated  sensor  systems  in  apace  for  surveillance 
and  early  warning  of  bauistk  miasila  attack. 
The  challenge  wo'ild  be  to  integrate  more  a<h 
phisticated  early  warning  satellites  with  ac¬ 
tual  weapon  platforms  thousands  of  kilome¬ 
ters  away. 

Sensor  aatellites  currently  in  orbit  operate 
auUmomousIy.  with  direetkma  from  a  few 
ground-based  mission  contnd  nodes.  Once  the 
battle  began.  BMD  systems  might  require  the 
autonomous  operation  of  30  to  40  sensors 
working  ir.  conjunction  with  hundreds  or  thou- 
amds  of  FBI  carrier  satellites.  Sensors  and  car- 
riw  satellites  would  be  moving  in  different  or¬ 
bits,  so  that  the  particular  weapons  platforms 
and  sensors  making  up  a  "battle  group"  (in 
one  possiUe  battle  management  architecture) 
would  be  constantly  changing  with  time.  (See 
ch.  7  on  wartime  operation.)  These  battle 
groups  would  have  to  be  connected  by  secure 
communication  links.  Higlier  system  effective¬ 
ness  would  entail  tighter  cooi^ination. 

Automatic  i^Mratlon  would  be  further  chal¬ 
lenged  by  Soviet  defense  suppression  tactics. 
The  system  would  ideally  adi^  to  lost  or  noisy 
coramunicaticn  links  and  continue  to  manage 
the  battle  on  the  basis  of  degraded  informa¬ 
tion.  (See  ch.  9  for  a  fuller  discussiem  of  BMD 
software  dependability.) 


I  If  an  adminisitration  and  Congr«M  were  to 

]  decide  that  our  national  aecurity  would  he  im- 
i  »  proved  by  deplojnn^  wtne  type  rrf  BM D,  a  ma* 

i  I  i<»r  ijiiup  w«Hild  be  when  to  begin  deployment. 

t  5  Early  deployment  (e  g..  199.V 20001  of  a  phase* 

i  one  system  would  risk  "locking  in"  immature 

HMD  (erhnolo>t>'  that  might  be  less  effective 


against  the  projected  threat  Waiting  for  more 
advanced  technology  would  give  the  Soviet 
E'nion  m<ee  time  to  prepare  countermeasures, 
increasing  the  risk  that  the  defense  effective¬ 
ness  would  remain  low.  Early  deployment 
would  strain  space  transportation  facilities, 
and  the  long  deployment  time  would  preclude 
a  fast  transitim  from  offense-  to  defense- 
dominated  status.  But  a  decision  to  wait  for 
later  dpplo>-ment  could,  some  fear,  indefinitely 
postpone  any  deployment  at  all. 

Ballistic  missile  defense  system  effectivo^ 
ness  would  depend  not  only  on  the  U.S.  deploy¬ 
ment  schedule,  but  also  on  the  tinung  of  So¬ 
viet  countermeasures.  The  longer  it  Uxdc  to 
deploy  a  defense,  the  more  time  the  Soviets 
would  have  to  respond  by  improving  their 
offensiw  forces.  To  illustrate  the  interplay  be¬ 
tween  defensive  and  offensive  deployments 
over  time.  OTA  constructed  e  plausiblu  sce¬ 
nario  for  the  1994-2010  period,  then  Mtimr^ed 


the  effectiveness  of  an  SBl  aysten:  as  a  hrnc- 
tiun  of  time.  For  the  defense,  we  assume  that: 


•  SB  I  deployment  would  be  limited  only  by 
the  capacity  of  future  United  States  apace 
transportation  systems.  That  is.  the 
Unit^  States  could  produce  and  operate 
in  8pai*e  as  many  SBis  as  it  could  launch. 
Note  that  /( is  emphaUcuUy  aot  the  SDJO 
proposal  to  deploy  this  many  SBIa. 

•  The  SDlOtwo-tra^^sce  transportation 
scenario  succeeds  in  building  a  heavy  lift 
expendable  launch  vehicle  by  1994  with 
30,000  kg  lift  to  near  polar  orbits,  and  this 
same  technology  simultaneously  evolves 
into  an  economical,  partially  reusable  ve¬ 
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hide  with  44,000  kg  capacity  by  the  year 

2000. 

•  Three  new  launch  pad  complexes  would 
be  built  at  Vandenmu^  AFB  and  launch 
rates  would  be  increa^  from  3  per  year 
per  pad  up  to  12  per  pad  per  year,  bring¬ 
ing  the  total  lift  capadtv  to  near  polar  or¬ 
bits  to  2  2  million  kg  per  year  by  2004. 

•  Thrc^  different  classes  of  Slils  might  be 
available  with  varying  masses  and  veloc¬ 
ities:  a  "state-of-th^art,"  a  "realistic.'’  and 
an  "opUmirUc"  interceptor.  (Spedfiertion 
of  the  characteristics  of  each  are  in  the 
classified  v  rsion  of  this  report.) 

•  The  SDIs  would  be  replaced  at  the  end  of 
a  useful  life  J  6  to  10  years,  which  limits 
the  number  of  SBla  in  orbit  unless  ‘he 
apace  transportation  system  espadty  ooo- 
tinues  to  grow  with  time. 

For  the  Soviet  off  "(sive  respont  e,  OTA 
assumed: 

•  a  gradual  decrease  in  the  bum-time  of  So- 
viK  ICBM  booeters  and  in  the  RV  and  d» 
coy  diq>ersal  time  of  its  PBVa  through 
the  introduction  of  one  new  class  of  10- 
warhead  missiles  every  five  years; 

•  that  these  new  missiles  would  be  clustered 
at  three  existing  SS-18  missile  sites,  which 
would  cover  an  area  of  500,000  ^jare  km: 

•  retirement  of  old  Soviet  missiles  as  the 
latest  models  were  introduced,  keeping  the 
total  RV  count  at  10,000  (case  1).  or  an 
increase  of  their  ICBM's  by  100  per  year 
after  the  year  2000  (case  2): 

•  no  other  ^viet  countermeasrires,  except 
a  significant  Soviet  ASAT  capability,  im- 
pU^  by  our  reserving  a  substantial  frac¬ 
tion  of  U.S.  SBls  for  self-defense  or  to  ac¬ 
count  for  inoperabla  SBIa  that  fail  over 
time. 

While  these  assumptions  are  technically 
plausible,  they  are  not  based  on  any  Depart¬ 
ment  of  Defense  or  intelligence  commuuty 
estimates  of  what  the  Soriets  could  or  would 
do. 


Tabi«  DiitHbutlon  of 

Sotriot  ICBMi  for  1990>2010 

Ati  )C6Ms  ftno  assuri^d  to  cany  io  wartiaads  Pttasa  not# 
that  lha  mii  of  fort  at  hara  raftacta  oaUf>^r  Dapartmant  of 
Oafanaa  r>of  intaHtQaoca  community  astimatas  of  what  tha 
Sovtata  actually  may  do  Instaad.  this  tabla  maraly  lays  out 
a  puraiy  hypothatical  aaQuar>ca  of  a  phaainQ-ln  of  fastar* 
burning  iCBMs  at  S  yaar  intarvats  baglnning  in  1900  Oldar 
missiias  art  ratirad  as  naw  onas  ara  dapioyad,  kaaping  tha 
tots'  PV  count  fiiad  at  a  hypotha^cai  numpar  of  10,000  Tha 
slow  burn  boostar*  ara  distnbutad  ovar  aiistinj  Soviat  mis* 
siia  f»aids  wh»ia  tna  othar  four  dassas  ara  assumad  concan- 
tratad  at  thraa  awisting  sdas 


Number  of  ICBMs 


ICBM  (yi  • 

SBB 

MBB  1 

MBB2 

FBB-1 

FBB2 

Year 

1991  . 

500 

500 

1992  . 

500 

500 

— 

1993 . 

500 

50C 

1994  . 

500 

500 

•• 

1995  . 

SCO 

500 

1996  . 

4C0 

500 

too 

1997  . 

3CO 

500 

200 

1998  . 

2C0 

SCO 

300 

1W9 . 

ICO 

500 

400 

2000  . 

•I. 

500 

500 

2001  . 

— 

400 

uOO 

too 

•• 

2002  . 

300 

500 

200 

2003  . 

200 

500 

300 

2004  . 

too 

500 

400 

2005  . 

500 

500 

— 

2006  . 

— 

400 

500 

100 

2007  . 

300 

500 

200 

2008  . 

-- 

— 

200 

500 

300 

2009  . 

100 

500 

400 

2010 . 

— 

— 

500 

500 
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Space  Transportation  Limits  on  Deployment 

As  indic&tad  in  chapt«r  F,  a  new  space  trana- 
portation  system  would  be  needed  to  launch 
the  spacebased  assets  of  a  highly  effective 
BMD  system.  Even  a  more  rarest  ayatem, 
such  as  that  proposed  by  SDIO  for  the  first 
phase,  would  call  for  considerable  new  apace 
transportation  rapacity.  The  SDIO  has  iden¬ 
tified  two  potentially  conflicting  space  trans¬ 
portation  goals:  reducing  launch  costs  by  a  fac¬ 
tor  of  10  and  beginning  some  launches  in  the 
mid-1990s.  Derivatives  of  existing  Shuttle/ 
Titan  launch  systems  are  not  likely  to  lead  to 


major  cost  reducUoiu::  an  entirely  new  system 
would  be  needed.  l',ut  a  revolutionary  new 
space  transportation  system  would  not  likely 
M  ready  before  the  year  2000. 

To  achieve  both  the  cost  and  schedule  goals, 
SDIO  has  proposed  a  dual-track  fcRinula:  a  new 
space  transportation  system  would  be  devel¬ 
oped  with  a  goal  of  a  tenfold  cost  reduction 
by  2000  or  so,  but  peris  of  this  new  system 
would  be  available  by  the  mid- 1 990s  for  early 
deployments,  probabiy  with  reduced  lift  capac¬ 
ity  and  higher  cost.  This  approach  might  cre¬ 
ate  design  compromises.  Either  cost  refactions 
might  have  to  be  postponed  to  meet  the  sched¬ 
ule,  or  the  schedule  might  have  to  be  slipped 
to  meet  the  eventual  cost  goals;  a  apace  trans¬ 
portation  ayatem  designed  to  meet  just  one  of 
these  goals  might  look  quite  diffmnt  from 
the  hybrid.  In  this  scenario,  however,  we  as¬ 
sume  that  both  goals  could  be  achieved  simul¬ 
taneously. 

The  United  States  now  has  one  pad  c^>able 
of  launching  more  than  10,000  kg  to  Uie  hi^ 
inclination  orbits  and  altitudes  of  sevend  hun¬ 
dreds  of  kilometers  to  be  occupied  by  the  SBI 
constellation.*  The  Shuttle  pad  at  Van^nberg 
Air  Force  Base  could  be  modified  by  1992  to 
launch  the  TitBn-4  (CELV)  vehicle  with  a  ca¬ 
pacity  of  about  14,500  kg  to  SBI  orUta.  In  the 
past,  budding  new  launch  pads  has  taken  from 
7  to  10  years  and  there  ia  some  question 
whether  there  is  adequate  apace  at  Vanden* 
berg  to  add  even  a  few  more  pads  and  their 
necessary  assembly  faculties.  (The  Air  Force 
has  been  examining  the  possibility  of  launch¬ 
ing  rockets  from  an  off-shore  oU  rig.)  Surviva¬ 
bility  of  launch  faculties  would  also  be  ques¬ 
tionable  if  all  U.S.  polar-orbit  pads  were  louted 
at  one  coastal  site.  In  this  scenario,  we  aaaiime 
that  these  difficulties  are  overcome. 

Launch  rates  have  been  in  the  range  of  three 
to  five  per  year  from  one  pad.  This  rate  ia 

The  4-EAFt  pad  at  VandenWg  Air  Kom  Base  in  California 
ia  equipped  to  launch  the  Titan  34 D  and  Titan-4  (CELV)  vehi¬ 
cles  into  polar  or  high  inclination  orbits.  The  4- West  pad  at  Van- 
denberg  can  handle  the  Titan-2  vehicle,  which  has  leas  than  2,000 
kg  capacity.  Two  pads  at  Kennedy  Space  Center  (#40  and  #41) 
can  launch  Tiuui  34Da  and  Titan^a,  but  not  into  near-pdar 
orbita.  Thera  are  no  Delta  launch  fadlitiaa  at  Vandenb^. 
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limited  by  the  necessity  to  assemble  the  launch 
vehicles  at  the  site.  Studies  are  underway  to 
determine  if  these  launch  rates  could  be  in¬ 
creased  to  6  per  year,  with  some  experts  sug¬ 
gesting  that  rates  up  to  8  per  year  might  be  fea¬ 
sible  in  tlie  future  for  the  Titan  class  vehicles, 
and  12  per  year  per  pad  for  the  new  vehicle. 


SBI  CbaracterUtica 

OTA  analyred  three  classes  of  SB  Is,  cor¬ 
responding  to  assumed  improvements  in  SBI 
technology  as  discussed  in  chapter  6,  The 
•’sUteof-the-art"  rocket  would  probably  be  the 
best  technology  available  for  a  first-phase  de¬ 
ployment  ir.  the  mid-1990s.  For  the  nmt  ^art, 
this  SBI  would  use  components  that  have  been 
demonstrated  in  the  laboratory  (as  of  1988), 
but  not  as  yet  assembled  into  a  working  sy^ 
tern.  The  "realistic”  SBI  represents  a  plausi¬ 
ble  level  of  technology  after  more  component 
research  and  development,  and  might  te  avail¬ 
able  by  the  mid  to  late  19908;  the  overall  rocket 
mass  assumption  of  well  under  100  kg  would 
be  particularly  challenging.  The  "optimisUc 
SBI  assumes  improvements  in  all  areas  of  de- 
velopment:  and  would  be  much  less  likely,  but 
possible.  Other  assumptions  about  SBI  redim- 
dancy  factors  and  kul  probabilities  are  the 
same  as  those  applied  earlier  in  chapter  6  of 
this  report. 

Given  the  optimistic  space  launch  projec¬ 
tions  from  chapter  5  and  the  different  assump- 
Uons  for  SBI  masses,  one  can  estimate  the  to¬ 
tal  number  of  SBIs  that  might  be  placed  m 
orbit  as  a  function  of  time,  as  shown  in  figime 
6-1.  The  lifetimes  of  SBIs  in  space  would  be 
critical,  since  defunct  interceptors  would  have 
to  be  replaced,  taking  space  transportation  ^ 
parity  away  from  the  tasks  of  increasing  SBI 
deployments  or  other  BMD  assets.  It  might 
turn  out,  however,  that  on-orbit  repair  could 

reduce  the  numbers  of  spares  and  replacements 

needed.  As  shown  in  figure  6-1,  the  numlw 
of  state-of-the-art  rockets  would  reach  a  pla¬ 
teau  by  about  2006  if  better  SBIs  could  not 
be  developed:  a  space  transportation  system 
sized  to  put  the  original  constellation  in  place 
would  operate  full-time  just  to  replace  these 
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SBIs  and  maintain  the  constellation  in  a 
steady-state  constellation. 

For  the  lighter  and  faster  "r^timistic'’  SBIs, 
the  assumed  transportation  system  could  lift 
up  to  160,000  SBIs  into  orbit  by  the  year  2010. 

This  assumes  that  no  other  space  assets  woiud 

be  launch^  into  near  polar  orbits  dur^  the 
entire  1994-2010  period.  Thus  any  later  deploy¬ 
ments  of  interactive  discriminaUon  aystenw 
or  directed-energy  weapions  would  reduce  the 
possible  number  of  SBIs  in  orbit.  In  any  case, 
it  is  obvious  that  the  United  States  would  not 
try  to  manufacture,  lift  into  space,  and  man¬ 
age  a  constellation  of  160,000  SBla. 

The  "(mtimistic”  SBI  effectiveness  curves 
which  follow  are  therefwe  unrealistic;  they  are 
shown  only  to  indicate  upper  bounds  on  SBI 
boost  and  post-booet  effectiveness.  They  rog- 
gest  that  while  SBIs  might  be  considered  for 
a  system  intended  to  enhance  deterrence,  they 
would  not,  by  themselves,  be  suitable  te  a  sys¬ 
tem  intended  to  assure  very  RV  low  leakage 
rates.  They  also  suggest  that,  barring  substan- 
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tial  offensive  force  reductions,  the  initial  ef¬ 
fectiveness  of  an  SB  I  system  might  be  eroded 
by  appropriate  countermeasures.  In  that  case, 
direcled-energy  weapons  might  have  to  be 
brought  on  line  just  to  maintain  previous  de¬ 
fense  capability. 


Assumed  Soviet  Offensive  Countermeasures 

As  the  U.S.  space  transportation  system 
(and  hence  the  number  of  possible  SBIs  in 
space)  grew.  Soviet  ICBM  and  submarine- 
launch^  ballistic  missile  SLBM  forces  would 
most  likely  also  change  with  time.  One  central 
question  for  evaluating  BMD  effectiveness  is 
whether  reasonable  Soviet  countermeasures 
could  keep  ahead  of  possible  U.S.  BMD  deploy¬ 
ments.  Here,  OTA  analyzed  the  effects  of  just 
three  Soviet  countenneasures:  reduced  booker 
burn  and  PBV  dispersal  times  and  clustering 
of  new  missiles  at  three  existing  missile  sites. 
These  analyses  assumed  that  the  Soviet  Union 
reduced  its  booster  burn  and  PBV  times  grad¬ 
ually  over  the  next  two  decades,  introducing 
a  new  class  of  weapon  each  5  years  with  moder¬ 
ately  improved  performance.  Three  cases  were 
assumed:  optimistic  (relatively  long  booster 
burn  times),  b&re  case,  and  pessimistic  threate. 
Even  the  “pes.«imistic”  threat  case  assumes 
a  >second  burn-time  by  2006,  still  more  than 
the  60-  to  80-second  burn-times  deemed  fea¬ 
sible  for  the  next  century  by  some  rocket  ex¬ 
perts.  Thus  these  threat  assumptions  are  all 
conservative  compared  to  what  may  be  tech¬ 
nically  feasible. 


SBI  Boost  and  Post-Boost  Effectivenssa 

We  next  calculated  the  maximum  possible 
number  of  RVs  that  could  be  destroyed  each 
year  by  SBIs  in  either  the  boost  or  the  post¬ 
boost  phase,  simply  by  calculating  how  many 
SBIs  would  be  within  range  of  the  booster  or 
the  post-boost  vehicle  at  the  time  each  RV  was 
deployed. 

We  assumed  uniform,  serial  RV  d^lo}rment 
over  the  PBV  dispersal  time.  Each  SBI  at¬ 


tacked  the  booster  first  if  it  was  within  range, 
then  the  PBV  at  the  earliest  possible  time.  Two 
shots  were  taken  if  more  than  one  SBI  could 
reach  a  booster  or  PBV.  Perfect  battle  man¬ 
agement  was  assumed:  the  battle  manager 
knew  exactly  where  all  boosters  and  SBIs 
would  be  at  burnout,  and  assigned  SBIs  to 
their  highest  value  targets  without  error.  These 
calculations  assumed  that  a  substantial  frac¬ 
tion  of  SBIs  are  used  for  self-defense  (or  are 
inoperable)— an  on  orbit  repair  system,  how¬ 
ever,  might  reduce  the  extra  numbers  needed. 
Other  assumptions  were  that  each  SBI  had  a 
reasonably  high  single-shot  kill  probability 
against  the  boosters  and  and  a  slightly  smaller 
one  against  the  PBV. 

The  resulting  system  effecth'eness  (the  num¬ 
ber  of  RV  s  lea^g  through  the  boost  and  post¬ 
boost  SBI  defense)  is  plotted  as  a  function  of 
time  in  figure  6-2  for  the  three  canonical  SBIs 
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BMD  tystem  affectiveness  In  terms  of  the  number  of  RVs 
(out  of  s  hypothetical  attack  of  1,000  misstins  with  10,000  RVs) 
which  would  leak  through  a  boost  and  post*booat  dafenaa, 
ilmitad  only  by  tha  ability  of  tha  U.S.  spaca  transportation 
aystam  to  lift  apace-basad  Intarcaptora  (SBIs)  Into  orbit  (fig- 
ura  6-1  Indlcataa  tha  numbar  of  SBIs  availabla  aach  yaar  for 
each  type  of  SBI).  Tha  SBIa  hava  a  raasonabla  probability  of 
destroying  a  booster  and  a  slightly  smaller  probability  of  kill¬ 
ing  a  PBV;  a  substantial  percentage  of  the  SBIs  are  used  for 
self-defense  or  are  otherwise  inoperative.  The  Soviet  threat 
has  a  constant  10,000  warhead  level,  but  with  decreases  in 
booster  bum-times  and  PBV  dispersal  times  as  described  In 
tha  text. 

SOUaCE:  OfftcB  of  TBchnology  atnumwit.  tSBS. 


of  chapt  ir  5,  assuming  OTA’s  hypothetical  So¬ 
viet  th'.eat.  In  the  very  near  term,  the  United 
States  could  only  deploy  the  “state-of-the-art” 
SBI.  According  to  these  aimplihed  calcula¬ 
tions,  this  type  of  defense  could  at  best  destroy 

2.500  RVs  out  of  the  OTA-postulated  1,000- 
missile,  10,000-RV  threat  by  1998  when  the 
United  States  would  have  orbited  4,100  SBIs; 

7.500  RVsiand  their  associated  decoys)  would 
pass  through  to  the  later  defensive  layers. 

Fsrformance  would  degrade  over  time  with 
quici^er  dispersal  of  Soviet  RVs.  If  the  United 
States  could  develop  the  lighter  and  faster  “op¬ 
timistic  SBIs,  then  the  defense  could  reach 
60  percent  effectiveness  by  2001,  but  this 
would  imply  the  deployment  of  40,000  SBIs 
by  then.  FWthermore,  to  maintain  this  apfMxiz- 
imate  level  of  effectiveness  with  5,000  war¬ 
heads  leaking  through  to  the  midcourse,  the 
United  States  would  nave  to  continue  deploy¬ 
ing  these  SBIs,  reaching  levels  of  160,000  SBIs 
by  2010,  Even  then,  the  Soviet  penetration  to 
the  midcourse  would  have  increased  slightly 
to  6,000  warheads. 

The  m«t  likely  “realistic"  SBI  would  result 
in  a  minimum  leakage  of  6,000  warheads  to 
midcourse.  To  come  close  to  maintaining  this 
leakage,  the  United  States  would  have  to  con¬ 
tinue  devoting  all  space  launch  capability  to 
the  SBI  sys^;  by  2010  there  would  be  90,000 
SBIs  in  orbit  and  8,000  warheads  would  sur¬ 
vive  to  midcotu'se.  Again,  such  figures  illus¬ 
trate  that  SBIs  should  not  be  expected  to  stop 
high  percentages  of  Soviet  missiles  in  a  mas¬ 
sive  atta^.  Nor  is  it  reasonable  to  expect  them 
to  sustain  initial  boost-  and  post-boost  phase 
capabilities  against  a  “responsive"  Soviet  mis¬ 
sile  threat  of  the  future.  TOe  SDIO  does  not 
support  either  expectation. 

The  sensitivity  of  SBI  effectiveness  to  the 
Soviet  threat  is  ^own  in  figure  6-3,  assuming 
the  “realistic"  SBI  rocket  parameters  in  all 
cases.  With  the  “optimistic  threat”  scenario, 
the  SBI  BMD  svstem  could  achieve  50  per¬ 
cent  effectiveness  by  2005,  assuming  that  the 
United  States  had  deployed  70,000  SBIs. 
Again,  this  constellation  would  have  to  be  in¬ 
creased  to  90,000  by  the  year  2010,  and  even 
then  the  Soviet  RVs  leaking  through  could 
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number  6,000  warlieads  and  be  increasing. 
These  numbers  suggest  that  directed-energy 
weapons  would  be  laeeded,  sooner  or  later,  to 
achieve  and  sustain  high  kill  levels  against  ad* 
vanced  Soviet  boosters  and  PBVs. 

The  previous  two  fi^es  assume  that  the 
Soviets  retire  old  missues  as  new  ones  are  de¬ 
ployed,  keeping  ths  total  at  10,000  warheads 
available.  In  the  absence  of  arms  control  trea* 
ties,  they  could  keep  old  missiles  in  place,  and 
continue  to  add  fairter^buming  boosters.  The 
BMD  effectiveness  for  this  situation  is  shown 
in  figure  6*4,  assuming  that  all  initial  medium- 
burn  boosters  are  retsdned,  and  that  100  of  the 
faster-burning  boofiters  (FBB)  are  added  each 
year  aft^  2000.  Under  the  most  optimistic  (for 
the  defense)  conditiens,  the  Soviets  could  main- 
tain  6,000  warheads  surviving  into  mid-course. 

Assuming  penetration  aids  to  be  available 
by  the  2000-2005  time  period,  these  6,000  war¬ 
heads  and  their  asso:iatod  decoys  would  make 
passive  midcourse  discrimination  and  RV  kills 
very  difficult.  The  leakage  against  SBIs  in  all 
cases  would  increase  with  time,  most  likely 
reaching  the  10,000  warhead  level  by  2010,  de¬ 
spite  the  presence  of  up  to  160,000  SBIs  in 
space.* 

•Fot  anilytk  purpoM.,  ««l«ve  WMnd  Uw  quMtiooa  of  mabi- 
tenuict  azid  nuuuigenrat  of  to  many  intcraptort. 


Flgur«  Number  of  Wartwodo  Uoklng 
Through  Boost  and  Poat-Booal 
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Boost  and  post-boost  affactivanass  limited  only  by  space 
transport^stion  capability,  assuming  that  the  Soviet  threat  in¬ 
creases  in  quality  (shorter  deployment  times)  and  quantity 
(after  2000).  Effectiveness  shown  for  three  different  types  of 
space-based  interceptors  against  the  *  case  case**  Soviet 
threat. 

eounce:  omc*  oi  Tecenoioey  isia 


Flour*  Mb.  -  Numb*r  ol  Wartwnd*  Uaking  Tfirough 

Boost  and  Po«l-Boo«tO*l*na** 
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SOUnCE:  0«*Cf  of  TtchnolOQV  ISeS 


SYSTEM  CONCLUSIONS 


Testing 

1 .  If  the  United  SUtes  abandoned  or  adueved 

modification  of  the  ABM  Treaty,  it  could 
teat  a  limited  constellation  of  SBls  against 
a  few  ICBM's  launched  from  Vandenberg 
AFB.  But  this  would  not  replicate  the  con¬ 
ditions  of  a  massive,  surprise  launch  of 
hundreds  or  thousands  of  ICBMs,  ASATs. 
and  nuclear  precursOTS  from  the  Soviet 
Union.  . 

2.  A  PMD  system  could  not  be  tested  against 

the  real  threat  of  np  to  thousands  of  ICBMs 
combined  with  defense  suppression  and  ni^ 
clear  precursors.  However,  neither  comd 
such  a  coordinated  offensive  attack  be 
fully  tested. 

3.  Key  elements,  sudi  as  IR  sensors,  could  not 
be  realistically  tested  against  a  background 
disrupted  by  nuclear  explosions  without 
abrogating  the  Limited  Test  Ban  Treaty. 


Automation 

4.  No  technical  barriers  appear  to  preclude 
automatic  operation  of  a  space-based  BMD 
system,  but  the  task  of  operating  an  antih 
matic,  constantly  dunging  constellation  of 
sensors  and  weapons  platforms  in  the  face 
of  defense  suppresoon  tactics  would  be  a 
major  challenge  with  little  or  no  analogous 
experience  from  any  other  automated 
■yatems. 

Scheduling  and  Deployment 

Phase  One 

5.  A  near-term  deployment  (1995-2000)  of  state- 

of-the-art  SBla  might  atop  np  to  2,5()0  of 
an  assumed  constsnt  10,000  Soviet  wsrhead 
threat  in  the  boost  and  post-lioost  phases— 
if  the  United  SUtes  devoted  all  of  its  space 
launch  capability  to  lifting  SBIs  into  orbit 


175 


This  assumes  that  the  bum  times  and 
post-boost  vehicle  dispersal  times  of  fu¬ 
ture  Soviet  ICBM ’s  decrease  over  time  in 
a  reasonable  manner.  Of  course,  fewer 
SBIs  could  kill  similar  percentages  of 
boosters  if  a  smaller  attack  were  assumed. 
The  SOlO  argues  that  defenses  that  are 
far  from  perfect  still  offer  significant  en¬ 
hancement  of  doterrence  (see  chs.  1, 2,  and 
3). 

Pheae  2 

6.  An  intermediate-term  or  "phase-two"  de¬ 
ployment  of  more  advanced  SBIs  might  kill 
up  to  5, (XX)  of  the  hypothesized  fixed  num¬ 
ber  of  10, OCX)  Soviet  RVs  in  the  boost  and 
post-boost  phases,  but  only  by  orbiting  frmn 
90, (KX)  to  160,000  SBIs.  Therefore,  the 
United  Stales  would  be  unlikely  to  rely 
on  SBIs  for  cor  tinned  boost-phase  inter¬ 
ception  of  advanced  Soviet  missiles. 

7.  Given  the  assumptions  of  CTA  analyses, 
under  the  most  optimistic  conditions  the  So¬ 
viet  Union  could  maintain  an  RV  leakage 
into  midcourse  at  or  above  the  6,000  war- 
bead  level  by  increasing  the  number  of 
ICBMs  deployed  by  100  per  year  after  the 
year  2000.  Under  any  of  the  assumed  con- 
ditiens,  the  Soviet  Union  could  increase 
the  rate  of  warhead  penetration  against 


SBIs  and  into  midcourse  after  2(X)5,  reach¬ 
ing  the  p’^BMD  levels  of  10,000  leaking 
warheads  by  2010.  'Iberefr  re,  SBIs  should 
not  be  expected  to  achieve  the  strategic 
goal  of  “assured  survival”  against  nuclei,; 
attack  by  a  Soviet  missUe  force  uncon¬ 
strained  by  arms  reductions  and  limi¬ 
tations. 

Phase  3 

8.  A  highly  effective  BMD  system  would  re¬ 
quire  either  very  effective  midcourse  dis¬ 
crimination  or  a  very  effective  directed- 
energy  weapon  (DEW)  system,  and  prefer¬ 
ably  both,  since  an  SBI  system,  as  limited 
by  the  most  optimistic  space  transporta¬ 
tion  system,  could  never  assure  that  feu'er 
than  5,000  &viet  warheads  and  their  asso¬ 
ciated  decoys  would  leak  through  to  the 
midcourse, 

9.  As  concluded  in  chapter  6,  it  is  unlikely 
that  the  United  States  could  determine 
the  feasibility  of  DEW  systems  by  the  late 
1990s,  and  di^loyment  probably  could  not 
begin  untU  2005-2010  at  the  earliest.  It 
therefore  appears  likely  that  the  Soviet 
Union,  unless  constrained  by  offensdve  arms 
control  agreements,  would  be  able  to  main¬ 
tain  leakage  rates  of  a  few  thousand  nuclear 
warheads  until  at  least  the  period  2(X)5-201U. 
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Chapter  7 

System  Integration  and  Battle  Management 


INTRODUCTION 


Chapter  6  discusses  developing,  deploying, 
and  maintaining  a  ballistic  missile  defense 
(BMD)  system.  Once  deployed,  BMD  compo¬ 
nents  would  have  to  work  together  to  form  a 
fighting  system.  Maintaining  such  integration 
would  require  regular,  routine  support.  This 
chapter  looks  at  integrated  operation  of  the 
system.  Although  some  system  capabilities 
could  be  used  during  peacetime,  e.g.,  for  sur¬ 
veillance,  fully  integrated  use  would  only  be 
required  during  battle.'  Accordingly,  most  of 
this  chapter  is  concerned  with  battle  manage¬ 
ment,  i.e.,  how  the  system  would  be  manag^ 
to  fight  effectively. 

'Peacetime  aimulaiiotu  of  battles  would  also  require  consid* 
arable  integration,  but  would  probably  omit  operations  such 
as  use  of  interactive  discriminators  and  firing  and  controlling 
weapons. 


A  major  assumption  in  the  discussion  that 
follows  is  that  the  system  is  sufficiently  well- 
integrated  during  peacetime  that  it  can  be 
moved  promptly  to  a  full  fighting  status.  As 
examples,  the  communications  network  that 
permits  battle  managers  to  exchange  informa¬ 
tion  would  have  to  ^  working  and  the  battle 
managers  would  need  timely  data  on  the  num¬ 
ber,  k^ds,  and  locations  of  resources  available 
to  them.  Peacetime  activities  needed  to  keep 
the  system  integrated,  such  as  sending  updates 
of  resource-availability  data  and  new  versions 
of  software  to  battle  managers,  would  have  to 
be  performed  routinely.  Operational  readiness, 
testing  and  evaluation,  and  repair  or  replace¬ 
ment  of  failing  system  components  would  also 
have  to  be  routine. 


BATTLE  MANAGEMENT 


The  battle  management  portion  of  a  BMD 
system  would  combine  the  data  provided  by 
sensors  and  the  capabilities  offered  by  weap¬ 
ons  into  a  defensive  system.  The  battle  man¬ 
agement  computers  would  provide  computa¬ 
tional  and  decisionmaking  capability.  The 
battle  management  software  wo^d  be  the  fdue 
bonding  the  components  together  into  a  fight¬ 
ing  system.  Battle  management  includes  strat¬ 
egy,  tactics,  resource  allocation  algorithms, 
and  status  reporting. 

Battle  management  computing  may  be  dis¬ 
tributed  among  many  different  platforms  or 
consolidated  on  just  a  few.  In  either  case,  the 
battle  management  functions  would  remain 
the  same,  although  the  capabilities  needed  in 
supporting  functions,  such  as  communications. 


Note:  Complete  deSnitioaa  of  acronyms  and  initialisma 
are  listed  in  Appendix  B  of  this  report. 


might  vary.  This  chapter  describes  the  conduct 
of  a  battle  from  the  battle  management  view¬ 
point,  from  alert  through  the  actual  battle  se¬ 
quence.  Tbe  scenario  is  only  meant  to  be  Ulus- 
trative,  not  comprehensive.  Its  purpose  is  to 
convey  a  sense  of  tbe  complexity  of  tbe  battle 
management  task,  not  to  provide  an  actual  bat¬ 
tle  management  system  design. 

In  peacetime,  the  system  might  be  in  a  quies¬ 
cent  mode,  conserving  fuel  and  other  resources, 
with  some  components  shielded  from  space. 
Aa  the  probabifity  of  a  battle  increased,  tbe 
system  might  move  through  a  series  of  alert 
levels,  during  which  sensors  such  as  the  Boost 
Surveillance  and  Tracking  System  (BSTS)  and 
Space  Surveillance  and  Tracking  System 
(SSTS)  would  be  fully  opened  to  space  and 
weapons  would  be  prepared  for  battle,  includ¬ 
ing  warm-up  and  status  checks.  At  the  high¬ 
est  alert  level,  the  system  would  be  fully  pre¬ 
pared  to  fight  a  battle. 
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The  battle  may  be  partitioned  into  different 
phases,  each  distingi’ished  by  a  different  set 
of  offensive  actions.  The  phases  are  boost,  post* 
boost,  mid-course,  ano  terminal.  For  an  indi¬ 
vidual  reentry  v»*iucle  (RV)  or  decoy,  the  phases 
occur  in  the  sequence  given.  Different  RVs  and 
decoys  may  be  m  different  phases  concurrent¬ 


CONDUCT  OF 

Our  battle  scenario  assumes,  for  simplicity, 
a  system  with  a  second-phase  architecture  as 
described  in  chapter  3.  We  assume  that  it  is 
in  an  alert  stage  ^om  which  it  could  be  moved 
directly  to  fdly  automated  battle  manage¬ 
ment.*  The  battle  would  commence  with  the 
launch  of  Soviet  intercontinental  ballistic  mis¬ 
siles  (ICBMs).  We  assume  5. 'mix  of  ICBMs, 
some  of  which  would  bum  out  above  the  atmos¬ 
phere,  and  some  of  which  would  bum  out  in 
the  atmosphere.  The  ICBMs  release  post-boost 
vehicles  (PBVs)  canying  both  RVs  and  decoys. 
The  PBVs  would  maneuver  to  dispense  thtir 
payloads,  inserting  each  RV  and  decoy  into  a 
pre-planned  trajectory.  RVs  and  decoys  would 
then  coast  until  they  started  to  reenter  the 
atmosphere.  RVs  would  continue  on  to  their 
targets,  accompanied  partway  by  those  decoys 
design^  to  simulate  reentry. 

Besides  launching  ICBMs,  the  Soviets  might 
employ  a  variety  of  defense-suppression  meas¬ 
ures  For  example,  they  might  launch  direct- 
ascent  anti-sateUite  weapons  (ASATs)  at  BMD 
system  satellites.  Such  a  weapon  might  carry 
one  or  more  warheads  and  decoys.  The  defenoe 
suppression  attack  might  begin  before  an 
ICBM  launch. 

The  following  sections  describe  briefly  the 
functions  that  a  BMD  system  would  have  to 
perform  during  the  battle.  Requirements  for 
recovering  from  damage  and  failures  occurring 

'Although  the  assumption  that  there  would  be  sufficient  prior 
warning  to  an  attack  that  a  BMD  aj'stem  could  be  mov^  to 
an  alert  stage  znak^s  the  scenario  easier  to  describe,  the  sys* 
tern’s  designers  could  not  depend  on  such  an  assumption  to  be 
true.  There  would  have  to  be  some  provision  to  go  peace¬ 
time  to  battle  in  seconds  in  the  event  that  no  warning  is  re¬ 
ceived  or  that  such  warnings  are  ignored 


ly,  requiring  the  defense  to  fight  in  different 
phases  at  the  same  time.  In  addition,  the  BMD 
system  might  have  to  defend  itself  against  de¬ 
fense  suppression  attacks  duriug  any  phase. 
For  a  description  of  the  phases  of  ballistic  mis¬ 
sile  flight,  see  chapter  3,  table  3-6. 


THE  BATTLE 

during  battle  are  given  aimplified  treatment 
later.  Table  7-1  gives  a  more  detailed  descrip¬ 
tion,  with  examples,  of  the  defensive  functions, 
organized  by  frmetion  and  by  missile  flight 
phase. 

Battle  Management  Functions 

In  all  phases  of  a  battle  the  defensive  sys¬ 
tem  would  have  to  track  targets,  assign  weap¬ 
ons  to  destroy  targets,  aim,  fire,  and  control 
those  weapo  is,  and  assess  the  damage  they 
do.  It  would  dso  continually  report  on  system 
status  to  human  commanders,  transmit  infor¬ 
mation  among  computer  battle  managers 
within  a  battle  phase,  and  from  the  battle 
managers  in  one  phase  (e.g.,  boost)  to  the  bat¬ 
tle  managers  in  another  phase  (e.g.,  terminal). 
Additional  functions,  unique  to  each  phase,  are 
described  in  the  following  sections. 

Each  of  these  functions  would  involve  mak¬ 
ing  many  decisions  in  short  spaces  of  time 
using  data  obtained  from  a  variety  of  sources. 
For  example,  aiming  a  weapon  at  a  target 
might  be  based  on  tracking  data  obtained  from 
a  BSTS  combined  with  data  from  a  laser  range 
finder  located  on  satellite  battle  station,  and 
would  reqiiire  the  prediction  of  an  intercut, 
point  for  the  target  and  weapon. 

Boost  Phase 

The  tusk  of  detecting  booster  launches  would 
be  xinique  to  the  boost  phase  as  would  be  pre¬ 
dicting  the  approximate  trajectories  of  PBVs 
from  those  bisters  penetrating  the  lioost- 
phase  defense.  Trajectory  prediction  would 
needed  so  that  space-based  interceptors  (SBIs) 
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Tabl«  BaHI«  Managtmtnt  Functions 

components  of  any  ballistic  missile  defense  (BMO)  system  would  have  to  be  tied  together  in  a  battle  management 
networK.  table  below  lists  the  kinds  of  functions  such  a  battle  management  system  would  nave  to  perform,  assuming 
a  s<^ond>  phase  architecture  of  the  type  shown  In  Table  3-5  Computers  would  have  to  perform  most  of  the  functions.  The 
oMD  system  arcWtectu»'e  would  specify  locations  and  interrelationships  among  the  computers.  The  system  might  be  more 
or  less  centraijzed,  more  or  less  hierarchical.  The  elements  of  the  system  need  to  be  tied  together  in  a  communications  net* 
worx.  Chapter  8  of  this  report  further  discusses  battle  management  communications  and  computation  requirements. 

Because  different  system  components  often  psrfcrm  the  same  functions  In  different  ways,  the  table  gives  hypothetical 
examines  of  how  the  functions  are  accomplished  In  different  battls  phases.  The  "^hypothetical  exampies"  are  iust  that:  this  I 

table  does  not  purport  to  outline  a  complete  BMO  an:hitecture,  I 

The  table  is  organized  into  6  sections.  The  first  5  sections  correspond  to  the  boost,  post-boost,  mid-course,  terminal  ! 

and  self-defense  parts  of  a  BMO  battle.  The  sixth  outli  ies  a  battle  of  BMO  system  self-defense  against  anti-satellite  weapons’  i 

The  lunc^honsand  ’heir  descriptions  are  the  same  for  each  section  of  the  table;  what  varies  is  the  way  the  functions  are  ac-  i 

complished.  Thus,  to  find  out  how  objects  might  be  tracked  as  part  of  the  acquisition  and  discrimination  Unction  during  the 
t  jrminal  phase,  one  reads  the  hypothetical  example  in  the  section  of  the  t^^le  devoted  to  the  terminal  phaM. 


Function  _ 

Acquire  and  ditcriminate  objects 


Assoss  Situation 


Decide  Course  of  Action 


Setect  Targets  a  Direct  Weapons 


Employ  Weapons 


_ Description 

Sense  objects  of  Interest 


Distinguish  between  targets  to  attack  and 
decoys  or  debris 

Track  objects 


Associate  and  Correlate  objects  sensed  b/ 
dlfferertt  means  or  from  different  platforms 


estimate  whether  enemy  is  sttscklng,  and  If  so 
with  hew  many  of  what  kinds  of  weapons  with 
what  battle  tactics 

Assess  which  of  own  BMD  forces  are  available 
for  battle 


Authorize  firing  when  ready,  baaed  on  direction 
from  higher  authority  if  available  or  m  pre- 
authortzed  if  not 


Determine  strategy  and  battle  plan 


Choose  which  targets  to  strike 


Assign  weapons 


Prepare  engagement  instructions 

Assess  kill;  decide  which  targets  have  been 
destroyed 

Control  weapon 

Enable  weapon 
Prepare  weapon 


_ Hypothetical  Boost  Phase  Example 

Short  and  mid-wavelength  Infrared  telescopes 
on  BSTS  detect  hot  exhaust  plumes  from 
launch  of  boosters 

BSTS  starts  trank  files  to  distinguish  moving 
ICBMs  from  ststionary  background  and  clMd 
clutter 

8STS  aansofs  start  to  obsarva  and  record  paths 
of  Idantifled  objects 

Battls  management  compUi^ra  oompara 
Information  gathered  on  two  separata  SSTS 
platforms  and  givt  same  Identification  number 
to  the  same  observed  objects 

BSTS  detects  IC3M  launches,  notes  numbers 
and  locations  of  launch  sices,  and  datarmines 
types  of  missiles 

Battle  mansgemen!  computers  determine  which 
spece  be%ed  space-based  interceptor  (SBI) 
carrier  vehicles  (CVs)  ere  in  range  of  launched 
ICBM  bocGters,  end  will  be  in  range  of  Post- 
Boost  Vehicles  (PBVs)  when  they  ere  releesed 
from  ICBMs. 

If  3  or  more  ICBMs  era  lsur)Ched  within  1 
minute,  spece  battle  management  computers 
era  programmed  to  commend  launch  of  epece- 
besed  SBis  when  the  4th  ICBM  is  detected 

Determine  plan  for  which  kinds  of  ICBMs  from 
which  locations  and  which  PBVs  to  attack 
first  based  on  trajectories.  CV  positions, 
predicted  RV  impact  points,  and  predictad 
times  of  PBV  separation  from  missile 

Select  the  booster  or  PBV  whose  trs^ory  will 
piece  It  closeet  to  the  fly-out  range  of  e 
porticuler  CV 

Battle  manegement  computer  decides  that  SBIs 
no.  7888  end  7830  should  attack  target 
booster  no.  754.  and  commands  CVs  to  flight- 
chack  SBis. 

Battls  management  computers  send  flight  plans 
end  target  track  Information  to  CVs. 

Removs  s  booster  from  the  active  target  list 

Feed  target  Information  to  SBI  guidanca 
package 


Conduct  flight  check  of  SBI 


/ 
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TabI*  7-1.— Balllatle  Mia  ill#  Dalanta  Battia  ManagamanI  Functions— eontinuad 


Launch  waapon 
Fly-out  and  kill 


Open  Icunch  tuba,  aiact  and  onant  SBI,  Ignita 
8BI  rockat  motor 

Battio  managar  trwsmita  guldartca  updata  to 
SBI  baaad  on  SSTS  trackir.g  data;  SBI  nomaa 
In  on  target  boostar  or  PBV 


Function 


Acquire  and  difcrlminata  obiacts 


Assess  Situation 


Oaclda  Course  of  Action 


Foal-Boost  Phaaa 


Description 


Sense  x^jacts  of  interest 


Distinguish  between  targets  to  attack  and 
decoys  or  debris 


Track  objects 

Associate  and  correlate  objects  sensed  by 
different  means  or  from  different  platforms 


Estimate  whether  enemy  is  attacking,  and  If  so 
with  how  many  of  what  kinds  of  weapons  with 
what  battle  tactics 

Assess  which  of  own  BMD  forces  are  available 
for  battle 

Authorize  firing  when  ready 

Oetermir>e  Strategy  and  Battle  Ran 


Select  Targets  &  Direct  Weapons  Choose  which  targets  to  strike 

Assign  weapons 


Prepare  engagement  instructions 

Assess  kill:  decide  which  targets  have  been 
destroyed 
Control  weapon 

Enable  weapon 
Prepare  weapon 
Launch  weapon 

Fly-out  and  kill 


Employ  Weapons 


Hypothetical  Post  Boost  Phase  Example 


Infrared  telescope  on  SSTS  detects  PBV  after  it 
separates  from  missile,  and  RVs  and  decoys 
after  separation  from  PB^ 

From  differences  in  iR  signatures  and  other 
data,  such  as  PBV  recoils,  sensor  system'j  on 
SSTS  distinguishes  among  PBVs,  expended 
boosters,  RVs,  and  decoys 

SSTS  sensors  continue  to  observe  and  record 
paths  of  identified  objects 

Computers  on  two  separate  SSTS  platforms 
compare  information  gathered  by  each  and 
give  same  identification  number  to  the  same 
observed  objects 


Battle  management  computers  determine 
whichs  CVS  ars  in  range  of  targetabie  PBVs 
wkIRVs 


Baltls  management  computers  determine  plan 
for  attacking  targetabie  PBVs  that  have 
survived  eertier  SBI  intercepts  snd  when  to 
start  attacking  RVs  that  have  been  deployed 
from  PBVs 

Battle  management  computers  target  the  PBVs 
that  wilt  ftrat  be  In  range  of  SBIs 

Battle  management  computer  decides  that 
space-based  SBI  no.  12,S43  should  attack  PBV 
no  326  and  commands  CVs  to  flight  check 
SBIs 

Battle  managoment  computers  send  flight  plans 
and  target  track  information  to  CVa 

Remove  e  PBV  from  the  active  target  list 

Feed  target  information  to  SBt  guidance 
package 

Conduct  flight  check  of  SBI 

Open  launch  tube,  eject  end  orient  SBI,  and  fire 
SBt  rocket  motor 

Battle  meneger  transmits  guidance  updata  to 
SBt;  SBI  homes  In  on  target  PBV  or  RV 


Function _ 

Acquire  and  discriminate  objects 


_ Mid-Coufte  Phase 

Description _ 

Sense  objects  of  interest 

Distinguish  between  targets  to  attack  and 
decoys  or  debris 

Track  objects 


Hypothetical  Mid-course  Example _ 

Infrared  telescope  on  SSTS  detects  RVs  and 
decoys 

Frorr.  differences  in  motior  after  passage 
through  dust  cloud,  laser  range-finding  radar 
on  SSTS  identifies  target  RVs  v.  decoys 

SSTS  seniors  continue  to  observe  end  'ecord 
paths  of  Identified  objects 


m 


Tabit  M.«-l 

Ballitlic  Mltaila  Daftnsa  Battla  Managamant  Functiona— continuad 

Associate  and  corretate  objects  sensed  by 

Computers  on  two  separate  SSTS  piatforms 

different  means  or  from  different  piatforms 

compare  information  gathered  by  each  and 
give  same  identihcation  number  to  the  same 
observed  objects 

Assess  Sttuation 

Estimate  whether  enemy  is  attacking.  af>d  if  so 
with  how  many  of  what  kinds  of  weapons  with 
what  battle  tactics 

Assess  which  of  own  BMD  forces  are  available 

Computers  determine  which  ERIS  interceptors 

for  battie 

are  In  range  of  RVs 

Decide  Course  of  Action 

Authorize  firing  when  ready 

Determine  Strategy  and  Battla  Plan 

Determine  plan  for  which  RVs  to  attack  first 

Select  Targets  A  Direct  Weapons 

Choose  which  targets  to  strike 

Select  the  RVs  within  shortest  flight  time  of  a 
particular  ERIS  site 

Assign  weaoons 

Battle  management  f;omputer  decides  that  ERIS 
interceptor  no.  3001  should  attack  target  RV 
no.  10.005  and  commands  fire  control 
computer  to  flight  check  the  interceptor 

Prepare  engagement  Instructions 

Battle  management  computer  sends  flight  plan 
and  target  track  information  to  ERIS  fire 
control  computer 

Assess  kill:  Decide  which  targets  have  been 

Remove  an  RV  in  mid-course  from  the  active 

destroyed 

target  list 

Employ  Weapons 

Control  weapon 

Feed  terget  information  to  ERIS  guidance 
package 

Eneble  weaport 

Turn  on  ERIS  warhead  aentor 

Prepare  weapon 

Cool  down  ERIS  homing  eensor 

Launch  weapon 

Fire  ERIS  rocket  motor 

Fly-out  and  kill 

Terminal  Phase 

Battle  manager  transrr.its  guidance  updates  to 
ERIS;  ERIS  homes  In  on  target  RV 

Function 

Description 

Hypothetical  Terminal  Phase  Example 

Acquire  and  discriminate  objects 

Sense  objects  of  interest 

Infrared  telescope  on  AOS  detects  RVs  and 

decoys  based  on  date  received  from  SSTS; 
AOS  passes  data  to  TIR 


Distinguish  between  targets  to  attack  and 
decoys  or  debris 

Track  objects 


From  differences  in  motion  after  passage 
through  the  upper  atmosphere,  ground-based 
radar  identifies  target  RVs  v.  decoys 

Ground-based  ^adars  continue  to  observe  and 
record  paths  of  identified  objects 


Associate  and  correlate  objects  sensed  by  Ground-based  battie  management  computer 

different  means  or  from  different  platforms  compares  track  information  handed-off  by 

space-based  battle  management  computer 
with  ground-based  radar  data  and  gives  same 
Identification  number  to  the  same  observed 
objects 

Assess  Situation  Estimate  whether  enemy  is  attacking,  and  if  sc 

with, how  many  of  what  kinds  of  weapons  with 
what  battle  tactics 


Assess  which  of  own  BMO  forces  are  available 
for  battle 

Decide  Course  of  Action  Authorize  firing  when  ready 

Determine  Strategy  and  Battie  Plan 
Select  Targets  A  Direct  Weapons  Choose  which  targets  to  strike 

Assign  weapons 

Prepare  engagement  instructions 

Assess  kill:  Decide  which  targets  have  been 
destroyed 


Computers  determine  which  HEOIs  are  In  range 
of  incoming  RVs 


Choose  plan  for  which  RVs  to  attacK  first 

Select  the  RVs  nearest  to  a  target  and  that  can 
be  reached  by  a  N.  ni 

Decide  that  HEDI  no.  1897  should  attack  target 
RV  no.  257 

Ready  flight  plan  and  target  tracking 
information  for  HEDI 

Remove  an  RV  In  terminal  from  the  active  target 
list 


Employ  W«»pons 


Control  woapon 


Enabitr  weapon 
Prepare  weeoofi 
Launch  weapon 
Fly-out  ana  KIM 


Feed  tarpet  information  to  HEDI  guidance 
package 

Turn  on  HEOI  warhead  eeneor 
Cool  down  HEOI  homing  eeneor 
Fire  HEOI  rocket  motor 

Battle  manager  transmits  guidance  update  to 
HEOI;  HEOI  homes  In  on  target  RV 


6 MO  Sytl«m  Stif-Dtftntb 

Functioft 

Description 

Hypothetical  Self-Defense  Example 

Acquire  and  diacriminate  obiects 

Senaw  objects  of  interest 

Infrared  telescope  on  SSTS  detects  direct 
ascent  ASAT 

Distinguish  between  targets  to  attack  and 
decoys  O’  debris 

Track  obje.:ts 

SSTS  sensors  continue  to  observe  and  racord 
paths  of  ktentlflad  objects 

Aaaociato  and  cc*relate  objects  sensed  by 
differe.'it  means  or  from  diffarent  platforms 

Computers  on  two  separate  SSTS  platforms 
compare  Information  gathered  by  each  and 
give  same  Identification  number  to  fhe  same 
observed  objects 

Assess  Situation 

Estimrte  whether  enemy  Is  attacking,  and  if  so 
with  how  many  of  what  kinds  of  weapons  with 
wh  it  battle  tactics 

Aasrss  which  of  cwn  BMD  forces  are  available 
for  battle 

Computers  determine  target  of  ASAT  and  which 
evs  may  be  used  to  defend  against 
approaching  ASAT 

Decide  Course  of  Action 

Authorize  firing  when  ready 

Determine  Strategy  and  Battle  Plan 

Choose  plan  for  which  ASATs  to  attack  first 

Select  Targets  A  Direct  Weapons 

Choose  which  targets  to  strike 

Select  the  ASAT  nearest  to  a  particular  CV 

Assign  weapons 

Battle  management  computer  decides  that  S6I 
no.  1024  should  attack  target  ASAT  no.  128, 
and  commands  CVs  to  flight  check  SBIs 

Prepare  engagement  Instructions 

Battle  management  computers  send  flight  plans 
and  target  track  Information  to  CVs 

Assess  kill  decide  which  targets  have  been 
destroyed 

Remove  an  ASAT  fro>n  the  active  target  list 

Employ  Weapons 

Control  weapon 

Feed  target  information  to  SBI  guidance 
package 

Enable  weapon 

Prepare  weapon 

Conduct  flight  check  of  SBI 

Launch  weapon 

Open  launch  tube,  eject  and  orient  SBI,  and  fire 
SBI  rocket  motor 

Fly-out  and  kill 

Battle  manager  transmits  guidance  update  to 
SBI;  SBI  homes  In  on  target  ASAT 

NOTE  Thf  first  two  colum.^i  of  this  table  draw  heavily  from  work  of  Albert  W.  Small  and  P.  Kathleen  Groveston,  Sfrafapic  Oararrsa  Bstm  Oparaflona  Framework,  (Bedford. 
MA;  The  MITRE  Corp.,  July  1965).  The  hypothetical  axamplae  are  supplied  by  OTA. 


could  be  launched  in  time  to  intercept  the 
PBVs  before  they  dispensed  their  payloads. 

Post-Boost  Phase 

Tasks  unique  to  the  post-boost  phase  would 
be  noting  the  separation  of  PBV  from  missile 
and  observing  the  PBV  as  it  dispensed  its  pay¬ 
load.  To  have  a  chance  to  destroy  most  PBVs, 
the  interceptors  would  have  to  have  been 
launched  during  boost  phase,  perhaps  before 
PBV  separation.  To  intercept  the  PBVs,  the 


system  would  have  to  guide  the  SBIs  launched 
earlier.  For  PBVs  that  survived  to  dispense 
their  payloads,  the  system  might  start  dis¬ 
criminating  between  RVs  and  decoys,  perhaps 
by  trying  to  observe  differences  in  PBV  recoil 
during  the  dispensing  process. 

Mid-Course  Phase 

The  primary  problem  for  the  defensive  sys¬ 
tem  during  mid-course  would  be  to  discrim¬ 
inate  real  warheads  from  decoys.  The  number 


of  decoys  may  be  in  the  hundreds  of  thousands, 
or  even  greater.  Decoys  and  warheads  may  ap¬ 
pear  very  similar  to  optical,  infrared,  radar, 
and  other  sensors,  both  passive  and  active.’ 

Terminal  Phase 

During  terminal  phase,  the  defensive  system 
would  have  to  disci  iminate  RVs  from  decoys 
using  data  handed  off  from  earlier  phases  and 
using  the  atmosphere  and  radar  signatures  as 
discriminators. 

Table  7-1  shows  the  different  functions  a 
BMD  system  would  have  to  perform  during 
battle,  and  how  different  components  would 
participate  in  different  phases  of  the  battle. 
The  table  assumes  a  second-phase  architecture, 
such  as  described  in  table  3-6.  It  also  shows 
the  functions  that  would  serve  to  defend  the 
system  against  defense  suppression  threats. 

Interactions  Among  the  Phases 

A  BMD  system  would  not  be  a  single,  mono¬ 
lithic  entity.  Instead,  it  would  comprise  many 
different  elements,  some  of  which  would  par¬ 
ticipate  in  only  one  or  two  phases  of  the  bat¬ 
tle.  In  most  system  architectures,  battle  man¬ 
agement  would  be  conducted  by  different 
battle  managers  during  the  different  phases. 
Furthermore,  some  battle  managers  might  be 
fighting  one  phase  of  the  battle  while  others 
are  fighting  a  different  phase.  Boost,  post¬ 
boost,  and  mid-course  managers  would  be  lo¬ 
cated  in  space,  while  terminal  phase  managers 
would  likely  be  on  the  ground.  For  the  system 
to  function  most  effectively,  information,  such 
as  tracks  and  status  of  RVs  and  decoys,  would 
have  to  be  communicated  from  battle  manag¬ 
ers  in  earlier  phases  to  battle  managers  in  later 
phases. 

Interactions  for  Tracking  Purposes 

Establ'shing,  distributing,  and  correlating 
track  information  is  a  good  example  of  a  prob¬ 
lem  involving  interaction  among  Afferent  sys¬ 
tem  elements  and  cooperation  among  battle 


^Chapters  4  and  10  discuss  the  issues  of  discrimination  dur¬ 
ing  mid-course  in  more  detail. 


managers.  Detecting,  identifying,  and  noting 
the  current  position  of  a  target  would  not  be 
sufficient  for  guiding  a  BMD  weapon  system. 
The  target  would  move  between  the  time  that 
the  sensor  records  its  position  and  the  time 
the  weapon  is  fired.  An  SBI  traveling  at,  say, 
8  km/sec,  would  take  250  seconds  to  reach  an 
RV  target  if  the  SBI  were  fired  at  a  range  of 
2,000  km  from  the  impact  point.  During  those 
250  seconds,  the  RV  would  move  1750  km.  Just 
as  the  hunter  must  lead  the  duck  in  flight  as 
he  fires  his  shotgun,  the  BMD  system  would 
have  to  aim  its  SBI  well  ahead  of  the  speeding 
RV.’ 

The  BMD  system  would  therefore  have  to 
keep  track  of  each  target’s  motion  and  predict 
where  the  target  would  be  at  later  times.  The 
sensors  would  have  to  generate  a  "track  file," 
i.e.,  a  history  of  each  target’s  motion  through 
space.  Given  the  target’s  past  histot y  :n  tei  ms 
of  position,  velocity,  and  acceleration  in  three 
dimensions,  a  computer  could  then  predict  its 
future  position.  This  prediction  could  then  be 
used  to  aim  and  fire  the  weapon  system.  After 
the  SBI  was  fired,  the  sensors  would  have  to 
continue  to  track  the  target  (and  possibly  the 
SBI),  the  track  files  would  have  to  be  updated, 
and  mid-course  guidance  corrections  sent  to 
keep  the  SBI  on  a  collision  course.  Mid-course 
corrections  would  be  mandatory  if  the  target 
acceleration  changed  after  the  SBI  was  fired, 
as  would  occur  with  multi-stage  missiles. 

For  directed-energy  weapons  or  interactive 
sensor  systems,  the  delay  from  the  time  that 
energy  is  emitted  the  target  until  it  reaches 
the  sensor,  and  then  from  the  firing  of  the 
weapon  until  the  arrival  of  the  kill  energy  trav¬ 
eling  at  the  speed  of  light,  would  be  very  short, 
but  not  zero.  At  2,000  km  range,  for  example, 
13  milliseconds  would  elapse  from  the  last  sen¬ 
sor  reading  until  the  time  a  laser  beam  could 
reach  the  target.  The  RV  would  move  about 
91  meters  in  this  time,  so  some  predictive  ca- 

^However,  the  RV  would  be  moving  on  a  ballistic  or  free-fall 
flight  with  no  external  acceleration  other  than  the  force  of  grav¬ 
ity.  Therefore,  predicting  its  future  path  or  trajectory  would 
be  possible  provided  that  the  sensor  generated  two  or  more  ac¬ 
curate  three  dimensional  target  positions.  Predicting  the  future 
path  of  an  accelerating,  multi-st^  missile  would  be  much  more 
difficult  RVs  that  could  maneuver  would  worsen  the  difficulties. 
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pability  would  be  required.*  In  addition,  the 
observable  characteristics  of  the  target  would 
change  drastically  during  the  track^g  opera* 
tion.  The  sensor  systems  would  begin  track¬ 
ing  the  hot  booster  plume.  For  boost  phase 
kills,  the  sensors  would  have  to  acquire  and 
track  the  cold  booster  bod  v,  or  rely  on  calcu* 
lations  of  the  missile  body  position  relative 
to  the  booster  plume  for  all  booster/sensor 
orientations.  After  the  last  booster  stage  had 
burned  out,  the  battle  management  computers 
would  have  to  continue  the  track  file  on  the 
surviving  post-boost  vehicles  (PBV),  even 
though  tracking  data  might  be  deriv^  from 
other  types  of  sensors.  Finally,  as  individual 
RV’s  and  decoys  were  depio yed,  the  track  files 
would  have  to  proliferate,  taking  the  last  PB  V 
track  projection  as  the  recently  deployed  RV 
track  He,  until  it  could  be  verified  and  updated 
by  long  wavelength  infrared  sensors. 

The  data  handling  problem  would  be  com¬ 
pounded  by  RV's  that  survived  the  boost  and 
post-boost  defensive  attacks.  The  surviving 
KV's  would  usually  pass  out  of  the  field  of  view 
of  the  initial  sensor.  The  track  file  obtained 
from  one  sensor’s  data  would  then  have  tc  be 
correlated  with  the  data  from  another  sensor.* 
Track  data  would  be  passed  to  the  appropri¬ 
ate  weapons  platform  at  each  stage  of  the  bat¬ 
tle.  Eventually  the  track  files  of  surviving  tar¬ 
gets  should  be  passed  on  to  the  ground-based 
terminal  defensive  systems  to  aid  in  the  final 
kill  attempts.  Information  on  decoys  and  other 
rocket  or  killed  target  debris  should  also  be 

■In  general  it  would  take  additional  time  for  the  sensor  signal 
processor  to  analyze  the  sensor  data  and  for  the  track  file  to 
be  updated  after  the  last  signal  was  received;  the  actual  elapsed 
time  between  observation  and  the  order  to  fire  the  weapon  might 
be  5  to  10  seconds,  so  the  target  might  move  as  much  as  70 
km  even  for  a  directed-energy  weapon. 

•If  battle  memagers,  senscu^,  and  weapons  were  organized  into 
autonomous  battle  groups,  then  each  battle  manager  would  have 
to  hand  off  and  receive  track  data  as  targets  passed  through 
the  field  of  view  of  sensors  in  its  poup.  or  it  would  have  to  per¬ 
form  aU  of  its  own  target  acquisition  and  discrimination.  If  there 
were  a  single  battle  manager  to  handle  all  tracking  and  correla' 
tfon,  it  would  have  to  maintain  track  files  on  all  targets.  Such 
M  organization  would  tie  system  survivability  to  survivabil¬ 
ity  of  the  centra]  battle  manager.  Finally,  if  battle  groups  were 
to  use  fixed  battle  management  platforms,  but  different  sen¬ 
sors  and  weapons  as  the  battle  continued,  then  the  battle 
managers  would  have  to  correlate  tracks  from  different  sensors 
as  the  sensors  moved  in  and  out  of  its  group. 


transmitted,  to  avoid  attacking  too  many  false 
targets. 

System  Performance  atid  Interaction 

The  ability  to  correlate  data  well  from  differ¬ 
ent  sensors  (required  to  gut  accurate  three- 
dimensional  track  histone..,  could  have  a 
strong  effect  on  system  performance,  as  could 
the  ability  to  correlate  track  files  exchanged 
among  battle  managers  both  within  and  be¬ 
tween  phases.  Poor  performance  in  the  early 
phases  would  mean  many  RVs  leaking  into 
later  phases,  with  possible  overload  of  re¬ 
sources  assigned  to  mid-course  and  terminal 
phases. 

Distinctions  Among  the  Phases 

In  all  phases  the  defensive  system  would 
have  to  perform  many  similar  functions,  such 
M  tracking;  weapons  assignment;  aiming,  fir¬ 
ing  and  controlling  weapons;  and  rgmrting  sta¬ 
tus.  Sensors  and  weapons  would  vary  consider¬ 
ably  fiom  one  phase  to  another,  however.  For 
example,  boost,  post-boost,  and  mid-course 
tracking  would  be  done  primarily  by  space- 
based  infi-ared  sensors  such  as  those  incorpo¬ 
rated  in  the  BSTS  and  SSTS  systems.  Termi¬ 
ni  phase  tracking  would  be  done  by  a  com¬ 
bination  of  airborne  infi*ared  sensors  and 
ground-based  radars.  The  software  and  hard¬ 
ware  used  to  perform  the  sensing,  discrimina¬ 
tion,  and  tracking  functions  in  different  phases 
would  likely  be  quite  different;  aiming,  firing, 
and  controlling  weapons  might  be  similar. 

Some  phases  would  require  unique  functions. 
A  good  example  is  interactive  discrimination 
of  RVs  fi^om  decoys  for  mid-course  defense. 
Candidab  is  for  such  discrimination,  such  as 
neutral  pt  rticle  beam  systems,  would  likely  be 
controlleil  by  unique  computer  software  and 
hardware  adapted  to  the  task. 

Reconfiguration 

In  addition  to  fighting  the  battle,  the  sys¬ 
tem  would  also  have  to  be  able  to  reconfigure 
itself  during  and  after  the  battle,  to  compen¬ 
sate  for  dama^  done  to  it,  in  preparation  for 
further  or  continued  engagements.  In  the  post- 


Command  Post  of  the  North  American  Aerospace  Defense  (NORAD)  Cheyenne  Mountain  Complex  near  Colorado 
Springs.  Colorado.  In  case  of  war,  computerized  information  on  an  Incoming  borrber  or  missile  attack  on  the  United 
States  would  be  analyzed  here  and  passed  on  to  ether  civilian  and  military  officials.  If  the  United  States  had  a  boost- 
phase  ballistic  missile  defense  system,  the  time  available  for  human  decisionmaking  on  whether  to  use  the  system 

might  be  measured  in  seconds. 


battle  case,  this  might  be  done  with  human 
assistance. 

Opportunities  for  Human  Intervention 

Tracking  and  discriminating  objects,  aim¬ 
ing  and  fir^g  weapons,  and  managing  the  bat¬ 
tle  would  require  computers.  During  peace¬ 
time,  humans  could  monitor  surveillance  data 
after  it  had  been  processed  and  displayed  in 
a  form  suitable  for  human  interpretation. 
Human  decisionmakers  could  deduce  from  the 
events  monito:ed,  among  other  things,  whetii- 
er  and  when  the  defensive  system  should  be 
placed  in  alert  status,  ready  to  cope  with  a  bat¬ 
tle.  Once  the  battle  start^,  however,  the  re¬ 
sponse  time  and  data  processing  requirements 
would  severely  limit  the  opportunities  for  hu¬ 
man  intervention.  There  are  four  possible  hu¬ 


man  intervention  points  under  consideration 
in  currently  suggested  BMD  architectures: 

•  the  decision  to  move  the  system  from 
peacetime  status  to  alert  status, 

•  the  decision  to  release  weapons, 

•  the  decision  to  switch  to  a  back-up  for  one 
or  more  of  the  algorithms  (see  box  7-A) 
used  by  the  battle  management  comput¬ 
ers,  and 

•  selection  from  a  pre-specified  set  of  tac¬ 
tics  for  terminal  phase,  made  as  a  result 
of  observations  of  earlier  phases  of  the 
battle. 

Transition  to  Alert  Status 

Hiunans  could  decide  to  move  from  one  level 
of  alert  to  another  in  hours  or  minutes,  as  com¬ 
pared  to  .^''actions  of  seconds  for  computers 


3ox  7-A.— Algoritiims 

Methods  for  solving  problems  by  the  u««  of  computers  are  often  expressed  as  algorithms.  As 
described  by  John  Shore, 

An  algorithm  iq  a  precise  description  of  a  method  for  solving  a  particular  problem  using  operations 
or  actions  from  a  well  understood  repertoire.’ 

More  technical  definitions  often  require  that  the  description  contain  a  finite  number  of  steps, 
each  of  which  can  be  performed  in  a  finite  amount  of  time,  and  that  there  be  specific  inputs  and 
outputs.  As  explained  by  computer  scientist  Donald  Knuth, 

The  mod^*m  meaning  of  algorithm  is  quite  similar  to  that  of  recipe,  process,  method,  technique,  proce¬ 
dure.  routine,  . .  .* 

Carrying  out  the  steps  of  an  algorithm  is  known  as  ‘‘executing  it.’*  If  one  thinks  of  a  recipe 
for  baking  a  cake  as  an  ^gorithm,  then  executing  the  algorithm  consists  of  following  the  recipe 
to  produce  the  coke.  The  following  ifi<  a  simpUfied  example  of  an  algorithm  that  might  be  used  in 
the  early  stages  of  the  design  of  a  BMD  system.  The  purpose  of  the  algorithm  is  to  detect  the  launch 
of  boosters.  We  assume  that  the  system  uses  a  sensor  on  a  satellite  that  can  scan  the  Soviet  Union. 
The  sensor  is  composed  of  a  number  of  different  elements,  each  of  which  is  sensitive  to  the  radiation 
emitted  by  a  booster.  The  Soviet  Union  is  divided  into  regions,  and  each  detector  element  periodi¬ 
cally  scans  sequentially  across  a  number  of  regions. 

1.  For  each  detector  element,  record  all  detected  radiation  sources  greater  than  the  threshold 
for  a  booster  as  the  detector  scans  across  the  Soviet  Union.  Record  the  time  of  occurrence 
of  each  detection  as  well  as  the  intensity  of  the  source. 

2.  For  each  source  recorded,  identify  its  region  of  origin. 

3.  Compare  the  occurrences  of  sources  in  the  current  scan  with  occurrences  from  the  previous 
two  scans.  Count  all  events  consisting  of  occurrences  of  sources  in  the  same  region  for  three 
consecutive  scans.  Flag  each  such  event  as  a  launch. 

4.  If  data  have  been  saved  from  more  than  2  consecutive  scans,  discard  the  data  from  the  oldest 
scan  and  save  the  data  from  the  current  scan. 

5.  If  no  launches  were  observed,  go  back  to  step  1,  otherwise  continue  with  step  4. 

6.  If  launch^  were  observed,  notify  the  system  operator. 

While  this  description  is  simplified,  e.g.,  omitting  consideration  of  booster  movement  across 
regions,  it  is  an  algorithm  because  the  operations  needed  tc  perform  each  step  could  be  completely 
specified;  furthermore,  it  could  be  implemented  as  a  computer  program. 

Although  the  number  of  steps  used  in  describing  an  algorithm  must  be  finite,  the  definition 
does  not  require  that  the  algorithm  terminate  when  execu^.  Many  algorithms  are  designed  to 
be  non-terminating,  such  as  the  following  simplified  description  of  how  a  radar  processing  system 
might  operate: 

1.  Send  out  radar  pulse. 

2.  Wait  a  pre-calculated  interval  for  a  return  pulse. 

3.  If  there  was  a  return  pulse  calculate  the  distance  to  the  object. 

4.  Ho  back  to  step  1. 

Despite  not  terminating,  this  algorithm  still  produces  useful  results.  Some  algorithms  terminate 
under  certain  conditions,  but  do  not  terminate  and  produce  no  results  under  other  conditions.  Con¬ 
ditions  under  which  algorithms  do  not  produce  the  desired  results  are  known  as  error  or  exception 
conditions  and  the  occurrence  of  such  conditions  as  undesired  events.  For  the  following  simplified 
algorithm,  which  tracks  a  target  based  on  radar  returns,  the  failure  of  the  rac'ar  pointing  mechanism 
is  an  undesired  event  that  causes  the  algorithm  to  continue  endlessly,  prod.'.cing  no  useful  result. 

1.  Retrieve  the  last  known  target  location,  velocity,  and  acceleration. 

2.  Calculate  the  estimated  current  target  location. 

'Johi!  Shore.  The  Sechvtorte  Algorithm  and  Other  Antidotea  to  Computer  Anxiety  (New  York.  NY:  Viking  Press.  19S5).  p.  131. 
'Donald  E.  Knuth.  The  Art  of  Computer  Frogramming,  Vol  1:  Fundamental  Algorithma  (Reading.  MA:  Addison  Wesley,  1974),  p.  4. 


velocity,  and  acceleration.  •unj*.,  »i,„» 

might  be  grossly  wrong.  _ _ _ _ _ _ _ _ 


during  battle.  The  humans’  decisions  could  be 
based  on  data  gathered  from  sources  both 
within  and  outside  the  BMD  system.  The  com¬ 
puterized  battle-time  decisions  would  be  based 
on  data  acquired  by  the  system’s  sensors. 

Weapons  Release 

Once  a  human  had  permitted  the  transition 
to  the  highest  level  of  alert,  the  system  would 
function  automatically,  responding  to  threats 
as  it  perceived  them.’  It  would  be  possible  to 
build  human  intervention  points  for  the  release 
of  weapons  into  the  battle  management,  proc¬ 
ess.  In  the  first-phase  and  second-phase  sys¬ 
tems  described  in  chapter  3,  the  first  weapons 
to  be  released  would  be  the  SB  Is.  The  period 
from  the  time  that  a  missile  launch  was  first 
perceived  by  BMD  sensors  until  SBIs  would 
have  to  be  launched  to  intercept  a  missile  stul 
in  its  boost  phase  would  ^  quite  short— a  few 
minutes  at  most.  Accordingly,  if  humans  were 
to  control  the  release  of  weapons,  they  would 
have  to  monitor  the  defense  system’s  opera¬ 
tion  continuously  once  it  had  moved  to  the 
highest  alert  status. 

Since  it  may  be  necessary  to  release  hun¬ 
dreds  or  thousands  of  SBIs  within  minutes, 
a  human  operator  would  not  be  able  to  author¬ 
ize  release  of  individual  SBIs.  Because  of  the 
rapid  reaction  times  needed,  continual  human 
intervention  in  the  weapons  release  process 
would  likely  degrade  system  effectiveness  un¬ 
acceptably.  It  might  be  feasible  to  intervene 
when  previously  unused  weapon  systems  were 

’TheAE^GIS  ship  defense  sysUm,  often  cited  M  perfomtoK 
many  of  the  same  functions  as  s  BMD  system,  rea^  completely 
automaticaily  to  incoming  threats  when  in  the  highest  level  of 
alert  mode.  For  some  threats.  AEGIS  must  react  within  15  se¬ 
conds  from  the  time  a  threat  is  detected. 


brought  into  the  battle.  As  an  example,  if 
neutral  particle  beam  (NPB)  weapons  had  not 
been  used  before  enemy  missiles  reached  mid¬ 
course,  then  a  human  might  be  called  on  to  au¬ 
thorize  their  use  during  the  mid-course  part 
of  the  battle.  Even  such  occasional  interven¬ 
tion  might  degrade  performance  somewhat. 

Switching  to  Back-ups 

During  the  course  of  the  battle  it  might  be 
possible  for  a  human  observer  to  deterrmne 
that  a  BMD  system  was  malfunctioning.  For 
a  human  to  notice,  the  malfunction  would  prob¬ 
ably  have  to  be  gross,  such  as  a  fmlure  to  fire 
interceptors  or  firing  interceptors  in  obviously 
wrong  directions.  If  the  problem  lay  in  the  al¬ 
gorithms  used  by  the  battle  management  coin- 
puters,  and  if  the  system  were  designed  in  such 
a  way  that  back-up  algorithms  were  available 
to  the  computers,  then  the  human  might  com¬ 
mand  the  battle  management  computers  to 
switch  to  a  particular  back-up  algorithm.* 

Human  intervention  of  this  t3fpe  is  rarely 
used  in  existing  systems  because  the  humm 
cannot  interpret  the  situation  cow^tly  in  tee 
available  time,  and  because  it  is  difficult  to  de¬ 
sign  the  software  to  switch  algorithms  succe^ 
fully  in  mid-computation.  In  most  systems,  the 
gain  is  not  worth  the  added  software  complex¬ 
ity.  The  potential  gain  for  BMD  from  such  in¬ 
tervention  would  be  that  in  the  cases  where 


•Switching  to  a  back-up  algorithm  should  not  be  confused  with 
situations  where  a  computer  uses  built-in  diagnostics  to  deter¬ 
mine  the  occurrence  of  a  hardware  malfunction  and  then  auto¬ 
matically  switches  operation  to  a  redundant  component.  Such 
diagnostic  v  and  hardware  redundancy  for  automatic  ^tching 
are  now  used  in  some  critical  applications,  such  as  airline  trans¬ 
action  systems,  telephone  switching  systems,  and  battle  man¬ 
agement  systems  such  as  AEGIS. 
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the  system  had  been  badly  spoofed  by  the 
enemy,  and  the  human  operator  Quickly  rec¬ 
ognized  the  symptoms,  cause,  and  needed  cor¬ 
rective  action,  recovery  might  be  possible  in 
time  to  continue  the  battle.  The  risk  would  be 
that  the  operator  would  misjudge  the  situa¬ 
tion,  or  that  the  complications  involved  in  pro¬ 
viding  the  appropriate  interface  to  the  opera¬ 
tor.  both  in  additional  software,  liardware,  and 
communications  capability,  would  make  the 
system  less  reliable. 

Selection  of  Tactics 

Because  the  boost,  post-boost,  and  mid- 
course  phases  of  a  BMD  battle  would  last  20- 
30  minutes,  a  human  commander  might  be  able 
to  evaluate  the  results  of  those  phases  in  time 
to  affect  the  tactics  used  during  the  terminal 
phase.  To  do  so,  he  would  have  to  be  presented 
with  status  reports  during  the  battle.  Based 
on  his  analysis  of  the  battle,  and  on  choices 
of  previously-determined  tactics  presented  to 
him  by  an  automated  battle  manager,  he  coiild 
choose  the  terminal  phase  tactics  to  be  used. 
Agitin,  because  of  the  time-scales  and  data 
volumes  involved,  he  would  probably  not  be 
able  to  alter  his  choice  once  the  terminal  phase 
began. 

Increasing  degrees  of  human  intervention 
would  require  increasing  complexity  in  the  in¬ 
terface  between  humans  and  the  battle  man¬ 
agement  system.  A  sophisticated  interface  be¬ 
tween  human  and  computer  would  be  needed, 
allowing  the  human  to  observe  status  and  is¬ 
sue  commands,  and,  when  appropriate,  receive 
acknowledgements.  Such  an  interface  v/ould 
add  complexity  to  the  software.  Furthermore, 


the  human  oper ’itor(s)  would  probably  have  to 
have  authority  to  release  weapons,  as  there 
might  not  be  time  to  consult  with  higher  au¬ 
thorities. 

Common  to  all  BMD  system  designs  that 
require  human  intervention  at  any  stage  is  the 
need  to  provide  secu’  “.  rapid  communications 
between  the  human  and  the  battle  manage¬ 
ment  computers.  If  part  of  the  system  were 
in  space,  then  most  likely  there  would  be  a  ne^ 
for  space-to-ground  communications.* 

For  all  of  the  preceding  reasons,  it  seems 
likely  that  a  BMD  system  would  operate 
almost  completely  automatically  once  moved 
to  an  alert  status  in  preparation  for  battle. 

The  preceding  analysis  illustrates  the  diffi¬ 
cult  trade-offs  involved  in  designing  a  battle 
management  system.  In  considering  the  inter¬ 
face  between  hiunans  and  the  system,  the  de¬ 
signer  must  trade  off  communications  secu- 
rity  against  the  need  for  human  intervention 
agi'inst  system  structure  against  complication 
01  the  computing  tasks.  He  must  also  balance 
sy  stem  performance  against  all  other  consider¬ 
ations,  deciding  whether  the  system  could  per¬ 
form  better  and  more  dependably  with  the  aid 
of  a  human  than  without,  and  whether  any  ex¬ 
tra  complication  in  the  human-computer  inter¬ 
faces  would  be  worth  whatever  capability  and 
trustworthiness  might  be  added  by  the  human. 


’Even  if  a  humw  operator  were  space-based,  he  might  need 
to  communicate  with  higher  authority  on  the  ground.  Such  com¬ 
munications  would  probably  not  require  as  rapid  data  commu¬ 
nication  rates  as  battle-management-to-operator  communi¬ 
cations. 


SUPPORTING  FUNCTIONS 


Table  7-1  shows  the  primary  battle  manage¬ 
ment  functions,  but  does  not  include  several 
Supporting  functions.  Most  important  of  these 
are  communications  and  recovery  h*om  dam¬ 
age  and  from  failures.  Both  of  these  functions 
are  needed  in  all  phases,  with  communications 
playing  its  traditionally  crucial  role  in  battle 
management  and  with  recovery  invoked  as 


needed.  Both  communications  and  recovery 
procedures  would  be  completely  automated 
during  a  battle.  Because  of  the  short  decision 
times  involved  during  boost,  post-boost,  and 
terminal  phases,  recovery  would  have  to  be  ex¬ 
tremely  rapid;  delay?  would  result  in  RVs  mov¬ 
ing  on  to  the  next  phase  or  reaching  their  tar¬ 
gets.  Ix>ng  delays  in  recovery  could  also  reduce 


the  opportunities  for  a  battle  manager  fight¬ 
ing  in  one  phase  to  pass  information  along  to 
battle  managers  fighting  in  the  next  phase. 

Communications 

Automated  communications  links  between 
sensors  and  battle  management  computers,  be¬ 
tween  different  battle  management  computers, 
between  battle  management  computers  and 
weapons,  and  between  battle  management 
computers  and  humans,  would  all  be  needed 
for  effective  battle  management.  Data  wo.ild 
be  continually  transmitt^  over  a  battle  man¬ 
agement  communications  network  during  aU 
battle  phases. 

Recovery  From  Jjiamage  and  Failures 

Present  in  all  phases  would  be  the  need  to 
recognize  and  recover  from  system  failures  and 
from  damage  to  system  resources.  Individual 


system  components  would  have  to  monitor  and 
report  their  own  status  continually.  They 
would  have  to  try  to  recover  from  local  failures, 
whether  internally  generated— perhaps  by  a 
software  error— or  externally  generated— per¬ 
haps  by  a  detonation  of  a  nearby  nuclear  anti¬ 
satellite  weapon  causing  radiation  damage  in 
a  computer  chip. 

Some  instances  of  system  damage  and  fail¬ 
ure,  suc'.i  as  destruction  of  several  adjacent  bat¬ 
tle  management  platforms  or  communications 
controllers,  would  require  recovery  based  on 
“global  information,"  i.e.,  information  about 
the  status  of  the  entire  BMD  system  and  the 
entire  battle.  Examples  are  knowing  how  to 
reroute  communications  around  damaged 
nodes  in  the  communications  network,  or 
knowing  which  battle  management  computers 
were  in  position,  both  physically  and  in  terms 
of  resources  avidlable,  to  take  over  the  func¬ 
tions  of  a  disabled  battle  manager. 


COMPLEXITY  OF  BATTLE  MANAGEMENT 


Conduct  of  a  successful  BMD  battle  would 
be  similar  to  the  conduct  of  a  large  conven¬ 
tional  battle  in  that  it  would  require  the  or¬ 
chestration  of  many  different  kinds  of  compo¬ 
nents  under  precise  timing  constraints.  The 
problem  may  be  ameliorated  somewhat  by  pre¬ 
planning  some  of  the  orchestration.  The  differ¬ 
ence  is  that  in  a  BMD  battle  the  time  con¬ 
straints  would  be  tighter,  the  battle  space 
would  be  larger,  the  fighting  would  largely  be 
automated,  the  components  would  be  previ¬ 
ously  untested  in  battle,  and  there  would  be 
little  chance  to  employ  human  ingenuity  to 
counter  unanticipated  threats  or  strategies. 

The  only  kind  of  BMD  system  for  which  the 
U.S.  has  battle  management  software  devel¬ 
opment  experience  and  an  understanding  of 
the  attendant  problems  is  a  terminal  defense 
system,  such  as  SAFEGUARD.  Some  con¬ 
sider  even  this  experience  as  susp^t,  since 
SAFEGUARD  and  other  systems  like  it  were 
never  used  in  a  real  battle.  Adding  a  boost- 
phase  defense  would  add  complexity  to  the  sys¬ 


tem  and  require  the  inclusion  of  technologies 
hitherto  untried  in  battle.  It  would  also  be  the 
first  time  that  software  was  used  to  control 
highly  automated  space-based  weapons. 

Adding  a  mid-course  defense  would  probably 
increase  the  software  compleiaty  past  t  hat  of 
any  existing  systems.  The  burden  of  effectively 
integrating  information  from  different  sensors, 
controlling  different  weapons,  coordinating  in¬ 
teractive  discrunination  to  distinguish  among 
hundreds  of  thousands  of  potential  tarots, 
and  selecting  effective  stratepr  and  tactics- 
all  while  trying  to  defend  against  active  coun¬ 
termeasures— would  faU  on  the  software.  (Soft¬ 
ware  issues  are  discussed  ui  detail  in  ch.  9.) 

Approaches  to  reducing  complexity  center 
on  “divide  and  conquer”  strategies  applied  to 
architecture  definition,  aided  by  simulctions 
of  the  effectiveness  of  different  battle  manage¬ 
ment  architectures.  Those  who  favor  such  ap¬ 
proaches  believe  that  the  system  could  be 
designed  and  built  in  small,  relatively  inde- 
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pendent  pieces  that  could  each  be  adequately 
tested,  and  that  could  be  jointly  subjected  to 
peacetime  tests.  As  an  example,  each  intercej  • 
tor  carrier  vehicle  might  contain  a  battle  man* 
ager,  designed  to  fight  independently  of  other 
battle  managers.  They  argue  that  the  system 
could  be  easily  expanded  by  adding  more 
pieces,  e.g.,  more  CVs  each  with  its  own  bat¬ 
tle  mEinager.  Since  the  pieces  would  tend  to 
be  independent,  the  reliability  of  the  system 
would  be  more  strongly  related  to  the  reliabil¬ 
ity  of  an  individual  piece,  rathor  than  to  the 
joint  reliability  of  all  pieces,  i.e.,  knowing  that 
individual  pieces  were  reliable  would  suggest 
that  the  whole  system  was  reliable.  Also,  the 
failure  of  a  single  piece  might  not  be  as  cata¬ 


strophic  as  in  an  architecture  where  the  pieces 
were  highly  interdependent. 

Those  who  doubt  the  effectiveness  of  such 
a  strategy  in  the  face  of  the  complexity  induced 
by  BMD  requirements  argue  that  making  the 
pieces  independent  would  require  making  them 
very  complex.  They  further  note  that  histori¬ 
cally  no  approach  has  led  to  the  development 
of  a  weapon  system  whose  software  worked 
correctly  the  first  time  it  was  used  in  battle. 
The  greater  complexity  of  BMD  software  over 
existing  weapon  systems  leads  them  to  believe 
that  a  BMD  system  would  have  little  chance 
of  doing  so. 


BATTLE  MANAGEMENT  ARCHITECTURE 


A  battle  management  architecture  is  a  speci¬ 
fication  of  the  battle  management  functions 
to  be  performed  by  different  system  compo¬ 
nents  aJid  the  relationships  among  those  com¬ 
ponents.  Components  may  be  software,  such 
as  a  set  of  computer  programs  that  would  al¬ 
locate  weapons  to  targets,  or  hardware,  such 
as  the  computer(s)  us^  to  execute  those  pro¬ 
grams.  (See  also  ch.  3.) 

A  significant  architectural  tradeoff  concerns 
the  degree  of  coupling  among  battle  managers 
(see  box  7-B).  Some  proposed  architectures  use 
a  very  loosely  coupled  system  with  little  com¬ 
munication  among  battle  managers,  similar  to 
the  "almost  perfect”  architecture  described  in 
the  Fletcher  Report.'®  Such  architectures  tend 
to  locate  battle  managers  on  board  carrier  ve¬ 
hicles.  Others  use  a  more  tightly  coupled  sys¬ 
tem  with  track  and  other  data  exchanged 
among  battle  managers  for  coordination  pur¬ 
poses.  They  often  locate  battle  managers  on 
separate  platforms. 


'*Jaine9  C.  Fletcher,  Study  Chairman  and  B.  McMillan,  Panel 
C  airman.  Report  of  the  Study  on  Eliminating  the  Threat  Poaed 
by  Nuclear  Ballistic  Missiles:  Volume  V,  Battle  Management, 
Communications,  and  Data  Processing,  (Washington,  DC:  De* 
partment  of  Defense,  Defensive  Technologies  Study  Team,  Oct, 
1983),  p.  19. 


Box  7-B.— Centralization,  Diatributlon, 
and  Coupling 

A  centralized  system  concentrates  comput¬ 
ing  resources  in  one  location  and  may  consist 
of  several  processors  that  share  the  same 
memory  and  are  housed  together  physically. 
Such  a  system  is  known  as  a  multiprocessor. 
The  processors  are  able  to  communicate  with 
each  other  at  very  high  data  rates,  and  are 
said  to  be  tightly  coupled.  As  the  processors 
are  physically  mov^  apart,  acquire  their 
own,  separate  memories,  and  as  the  data  com¬ 
munication  rates  among  them  decrease,  they 
acquire  the  characteristics  of  a  distributed 
system,  also  called  decentralized,  and  arc*  said 
to  be  loosely  coupled. 


An  important  factor  in  under-standing  the 
degree  of  coupling  is  the  criterion  used  to  par¬ 
tition  the  battle  space  into  segr.ients  so  that 
each  battle  management  computtT  h^  respon¬ 
sibility  for  a  segment.  Indeed,  criteria  for 
segmentation  are  one  way  of  diiitinguishing 
among  architectures.  Segments  might  be  geo¬ 
graphically  determined  and  of  fixed  location, 
or  might  ^  determined  by  the  clustering  of 
targets  as  they  move  through  space,  or  might 
be  determin^  by  the  location  of  battle 
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managers.  CVs,  sensors,  and  other  system  re¬ 
sources  during  a  battle. 

Although  the  Eastport  Group"  recommended 
that  HMD  battle  managers  be  hierarchically 
structured,  the  Fletcher  Report”  suggested 
that  a  logical  battle  management  structure 
that  was  almost  perfect  would  not  be  hierar¬ 
chical.  but  would  consist  of  a  single  battle  man¬ 
ager  replicated  a  number  of  different  times, 
with  each  copy  physically  located  on  a  diffe^ 
ent  platform.  The  Fletcher  report  also  noted 
that  such  an  architecture  might  be  very  costly, 
that  there  might  be  equally  effective  and 
cheaper  alternatives,  and  that  it  was  impor¬ 
tant  to  look  at  technical  issues  that  distin¬ 
guished  among  those  alternatives.  An  exam¬ 
ple  given  was  the  effectiveness  of  algorithms 
that  allocated  weapons  to  targets  based  only 

~Etotoort  Study  Group  Report  "Report  to  the  Director,  Stra¬ 
tegic  Df.fense  Initiative  Organizatic  a,  1985/* 

•»FleUher  Report,  op.  dt.,  footnote  10,  pp.  9-21. 


on  local  data.  As  yet,  few  detailed  studies  of  such 
technical  issues  appear  to  have  been  made. 

The  Kastport  Group  recommended  the  de¬ 
velopment  of  a  decentralized,  hierarchical  bat¬ 
tle  management  architecture.”  Architectures 
currently  under  consideration  for  HMD  sys¬ 
tems  are  consistent  with  that  recommendation. 
In  a  typical  such  architecture,  each  battle  man¬ 
ager  would  report  as  necessary  to  battle 
managers  at  higher  levels,  and  would  receive 
commands  from  them.  There  might  be  3  layers 
of  battle  managers:  the  lowest  layer  would  be 
local  battle  managers,  which  perform  the  fight¬ 
ing  functions.  The  next  layer  would  be  regional 


'The  Eastport  Study  Group  is  the  name  used  to  refer  to  the 
SDIO  Panel  on  Computing  in  Support  of  Battle  Management. 
It  was  appointed  '‘to  devise  an  appropriate  computational/com¬ 
munication  response  to  the  SDl  battle  management  comput¬ 
ing  problem  and  make  reconunendations  for  a  research  and  ^h- 
Dology  dev,jlopment  program  to  implement  the  response,  its 
report  was  issued  in  December  1985. 


Box  7-C.— Hierarchies  and  System  Design 
Desieners  of  systems  find  it  useful  to  impose  a  structure  on  the  design.  For  con'Pj®* 

concern.  In  systems  where  many  components  are  involved,  such  as  complex  ^twwe  syswms.  ^ 

indiviLals  of  different  rank,  and  the  relationship  is  obeys  the  commands  of.  e.g..  a  ueutenan 
obeys  the  commands  of  a  captain. 

Many  otoposed  SDI  battle  management  architectures  use  some  variation  of  the  P 

••resource  conditions  are  resolved  by.”  Thus,  local  battle 
solved  bv  retcional  battle  managers.  However,  another  unportant  battle 

••commSdtraS  data  to.”  This  latte,  hierarchy  mmport^t «  communications 

needs  for  the  BMD  system,  and  is  sometimes  confused  with  the  former.  , 

A  tree  is  a  snecial  iorm  of  hierarchy  in  which  a  component  at  one  level  is  only  relat^  to  one 
rnmrrfinpnt  at  th^ext  higher  level.  The  military  chain  of  command  is  an  example.  A  lieutenant 

trees  to  be  the  most  promising  for  SDI.'  .  ..  »  v  i 

Structures  may  describe  relationships  among  entities  in  a  design,  mdependent  of  ™  ; 

lionfh,™,  .iSg  ,y,un,  compent,.  Such  ,tn.clure,  «c  known  »  topcnl  .oweturo., 

— .fSTc^pon  w.d,  o™,,  I.  u. 

potnt«l  “to  d«vi»  ti,  .ppropriat*  report  mu  ismtd  in  Dreemlrer  1985, 

onmi,nd.tion.  for  «  re«.rch  ^  Fletchw,  Study  ChainMn. 

■See.  for  example.  Report  of  the  Study  “  ‘J'*  y  *  DC;  Department  of  Defenae.  Defensiva  Tachnotogiea 

Volume  V.  Beetle  Management,  CommutuceUons.  end  DM  processing,  tweanmgion. 

Study  Team.  October  1983).  p.  18.  _ 
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battle  managers,  which  would  resolve  conten¬ 
tions  for  resources  among  local  battle  manag¬ 
ers,  as  battle  maiiagers,  sensors,  and  weapons 
moved,  and  which  would  assign  responsibil¬ 
ity  for  targets  passing  between  battle  spaces. 
At  the  top  would  be  a  global  battle  manager 
that  would  establish  strategy  for  the  regional 
and  local  battle  managers  and  that  which 
would  provide  the  interface  between  humans 
and  the  system.  The  battle  space  would  be  par¬ 
titioned  into  segments  such  that  each  battle 
manager  in  the  lowest  layer  of  the  hierarchy 
had  responsibility  for  a  segment.  As  battle 
managers  and  targets  moved  through  the  bat¬ 
tle  space,  information  concerning  them,  such 
as  type  of  target,  location  of  target,  and  trajec¬ 
tory'  of  target,  would  have  to  be  moved  from 
one  computer  to  another. 

Some  recent  proposals  have  suggested  fewer 
layers  in  the  battle  management  hierarchy.  In 
such  architectures,  the  hierarchy  of  automated 
battle  managers  is  flat,  i.e.,  there  are  no  re¬ 
gional  battle  managers,  and  the  top  layer  is 
a  human  commander.  Such  organizations  have 
been  designed  so  that  battle  managers  may 
act  almost  independently  of  each  other. 

The  volume  of  data  to  be  communicated 
among  the  battle  management  computers 
would  depend  on  the  degree  of  coordination 
among  the  battle  managers  required  by  the 
battle  management  arclutecture.  (See  chapter 
8  for  estimates  of  conununication  require¬ 
ments.)  The  det«'rmining  factor  is  the  amount 
of  target  tracking  information  that  would  have 
to  be  exchanged.  Since  there  might  be  hun¬ 
dreds  of  thousands  of  objects  to  be  tracked  dur¬ 
ing  mid-course,  architectures  that  required 
tracks  of  all  objects  to  be  exchanged  among 
battle  m^a^rs  would  place  a  heavier  load  on 
communications  than  those  that  required  no 
object  tracks  to  be  exchanged.  The  price  paid 
for  exchanging  less  information,  however, 
would  be  the  traditional  one:  the  ability  to  co¬ 
ordinate  the  actions  of  different  battle 
would  be  hampered  and  the  overall 
efficiency  of  battle  management  might  be  de¬ 
creased. 


The  efficiency-volume  tradeK>ff  may  be  seen 
by  considering  the  transition  frojn  one  phase 
of  the  battle  to  the  next.  As  an  ei  rmple,  the 
terminal-phase  battle  managers  would  have 
the  best  chance  to  destroy  targets  if  they  re¬ 
ceived  target-tracking  information  from  the 
mid-course  battle  man.'gers.  Without  such  in¬ 
formation  they  would  have  to  acquire,  track, 
and  discriminate  among  targets  before  point¬ 
ing  and  firing  weapons.  With  such  information 
they  would  only  have  to  continue  tracking  tar¬ 
gets  and  point  and  fire  weapons.  In  such  a  sit¬ 
uation,  one  might  suggest  combining  the  mid¬ 
course  and  terminal-phase  battle  managers 
into  one  set  of  programs  on  one  computer  as 
opix>sed  to  a  more  distributed  system  with  in¬ 
formation  transnutted  among  battle  manag¬ 
ers.  Unfortunately,  this  organization  would 
probably  complicate  the  battle  management 
task,  since  there  would  be  somewhat  different 
functions  to  be  performed  in  the  different 
phases,  and  since  the  way  functions  would  be 
implemented  in  different  phases  would  be 
different.'* 

The  Eastport  Group  believed  that  a  hierar¬ 
chical  battle  management  organization  would 
simplify  the  computing  job  of  each  battle  man¬ 
ager  and  would  allow  the  battle  managers  to 
act  without  frequent  interchange  of  informa¬ 
tion.'*  The  concerns  of  each  battle  manager 
could  then  be  simplified  more  than  in  a  non- 
hierarchical  organization,  battle  managers 
could  be  added  to  the  system  as  needed,  and 
the  system  would  still  survive  if  a  few  lower 
level  battle  managers  were  lost. 


“Since  different  weapons  would  be  used  in  the  terminal  phase 
as  compared  to  the  mid-course,  pointing  and  controlling  the 
weapons  would  be  done  differently.  Similarly,  different  sensors 
may  be  used  to  discriminate  between  targets  and  decoys  le- 
lairing  the  allocation  of  resources  with  different  charact^s- 
tics  and  therefore  a  different  resource  allocation  algorithm 
borne  earlier  proposed  architectures  required  the  battle 
.nariagers  to  be  tightly  coupled,  exchanging  considerable  infor¬ 
mation  with  each  other  frequently.  The  f-^astport  Study  Group 
rejec^  such  an  architecture  because  of  the  computing  and  com¬ 
munications  burden  it  would  place  on  the  battle  managers,  and 
because  of  ^  complexity  it  would  induce  in  the  battle  man- 
•gement  software. 


Decentralizing  battle  management  means 
that  the  battle  management  task  would  be 
physically  distributed  among  different  com¬ 
puters.  Decentralization  would  permit  other 
battle  managers  to  continue  fighting  even  if 
a  local  battle  manager  were  di?  abled.  However, 
if  the  degree  of  coupling  were  high,  the  loss 
of  data  from  the  disobied  battle  manager  might 
result  in  reduced  effectiveness  of  the  others. 
Without  a  specific  design  and  a  way  of  effec¬ 
tively  testing  architectures,  it  is  difficult  to 
verify  claims  about  their  merits  and  deficien¬ 
cies,  Such  tests  would  have  to  be  based  on 
simulations  and  on  whatever  peacetime  tests 
could  be  conducted.**  However,  the  apparent 
disadvantages  of  a  decentralized,  hierarchical 
system  would  be: 

•  contentions  for  rc^urces  would  have  to 
be  resolved  at  upper  levels  of  the  hierr^r- 
chy,  possibly  adding  complexity  to  the 
computational  problem  as  a  whole, 

•  the  actions  of  battle  managers  would  b^^ 
based  mainly  on  local  data,  perhaps  restJt- 
ing  in  inefficiencies,  e.g.,  adjacent  battle 
managers  might  both  si  oot  at  some  of  the 
same  targets,  thereby  wasting  shots,  un- 


prrf>o!i«i  Nitiona]  Teal  Bed.  provide  aome  of  the 
simulation  capabilities  needed  for  architecture  evaluation. 


less  sophisticated  battle  management  al¬ 
gorithms  to  compensate  for  the  informa¬ 
tion  loss  could  be  developed, 

•  if  strategic  and  tactical  decisionmaking 
were  concentrated  at  one  level  in  the  hier¬ 
archy,  disabling  some  or  all  of  that  level 
could  greatly  reduce  system  performance. 
Such  damage  would  be  easier  to  accom¬ 
plish  if  there  were  relatively  few  battle 
managers  at  that  level,  as  might  be  true 
at  the  higher  levels  of  the  hierarchy. 

The  Eastport  group  believed  that  the  advan¬ 
tages  of  a  hierarchical,  decentralize  system 
far  outweighed  the  disadvantages.  Evaluation 
of  advantages  and  disadvantages  must  await 
a  design  specific  «nough  to  be  tested,  and  an 
effective  t*  st  method. 

No  matter  th  e  choice  of  structure  for  battte 
management,  some  technology  would  be  stoaine 
and  ooftware  dependability  would  be  a  key  is¬ 
sue.  Centralization  would  appear  particmarly 
to  stress  computational  performance  and  sur¬ 
vivability.  Decentralization  would  appew  to 
require  more  sophisticated  software  at  the  lo¬ 
cal  battle  manager  level  and  would  increase 
the  weapons  supply  needed.  All  architectures 
would  require  secure  communication,  whether 
to  exchange  track  data,  or  to  receive  sei^r 
data,  or  to  communicate  with  the  ground. 


CONCLUSIONS 


Ballistic  missile  defense  battle  management 
would  be  an  extremely  complex  process.  The 
number  of  objects,  volume  of  space,  and  speed 
•t  which  decisions  would  have  to  be  made  dur¬ 
ing  a  be;  tie  preclude  most  human  participation. 
Aside  from  authorizing  the  system  to  move 
to  alert  status,  prepared  to  fight  automatically, 
at  best  the  human’s  role  would  be  to  author¬ 
ize  the  initial  release  of  weap  ons  and  to  change 
to  back-up,  previously-prepared,  strategy  or 
tactics.  Decisions  about  which  weapons  to  use, 
•eheu  to  use  them,  and  against  which  targets 
to  use  them  would  all  be  automated.  Inclusion 
of  human  intervention  points  would  likely  add 


complexity  to  an  already  complex  system  and 
to  compromise  system  performance  in  some 
situations.  On  the  other  hand,  if  an  attacker 
had  successfully  foiled  the  primary  defensive 
strategy,  human  intervention  might  allow  re¬ 
covery  from  defeat. 

Battle  management  architecture  as  yet  pro¬ 
posed  are  not  specific  enough  for  thair  claimed 
advantages  and  disadvantages  to  be  effec¬ 
tively  evaluated.  Such  evaluation  must  await 
both  better  architecture  s^ifications  and  the 
development  of  an  effective  evaluation  tech¬ 
nique,  perhaps  based  on  simulation. 


FIgur*  7-1.— Analytic  Chart  ol  Baltia  Managemant  Functlona  In  a  Phaaa-ona  BMO  Systam 


functions  identified  by  the  analysts. 

SOURCE:  Strattgic  D«ftnM  Initlaliwt  Organization,  ig87. 
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Chapter  8 


Computing  Technology 


INTRODUCTION 


This  chapter  discusses  the  demands  that  bal- 
listic  missile  defense  (BMD)  systems  would 
place  on  computing  technology,  and  the  trade¬ 
offs  that  would  have  to  be  considered  in  satis¬ 
fying  those  demands.  Initial  sections  discuss 
why  BMD  would  ne' d  computers  and  how  it 
would  use  them  for  battle  management,  weap¬ 
ons  control,  sensor  data  processing,  commu¬ 
nications,  and  simulation.  Later  sections  de¬ 
scribe  the  technology  used  to  build  computers 
and  the  requirements  that  the  Strategic 
fense  Initiative  (SDI)  imposes  on  that  technol¬ 
ogy  The  chapter  concludes  with  key  issues 
pos^  by  SDI  computing  needs.  Any  descrip¬ 
tion  of  computing  technology  must  be  ^om- 
panied  by  a  discussion  of  software  and  soft¬ 
ware  technology  issues;  these  can  be  found  m 
chapter  9  and  appendix  A. 

The  Need  for  Automation 

The  rapid  response  times  and  volume  of  data 
to  be  processed  would  require  the  use  of  con^ 
puters  in  every  major  BMD  component  and 
during  every  phase  of  battle.  Humans  could 
not  make  decisions  fast  enough  to  direct  the 
battle.  The  launch  of  thousands  of  intercon¬ 
tinental  ballistic  missiles  (ICBMs),  some  em¬ 
ploying  fast-bum  rocket  boosters,  might  i»r- 
mit  less  than  60  seconds  to  detect,  track,  aim, 
and  fire  weapons  at  the  first  boosters  to  clew 
the  atmosphere.  During  mid-comse  it  nught 
be  n‘icescary  to  account  for  a  milhon  obj^ts 
and  to  discriminate  among  hundreds  of  thou¬ 
sands  of  decoys  and  thousands  of  reentp^  ve 
hides  (RVs).  In  the  terminal  stage,  RVs  m  the 
atmosphere  would  have  to  be  quickly  located, 
tracked,  and  destroyed  by  interceptor  missiles. 

Mutual  occupation  of  space  by  two  defen¬ 
sive  systems  of  comparable  capab’lities  might 
require  considerably  faster  reaction  times  than 

Sote:  Complete  deBnJtions  of  acronyms  and  imiialisms 
are  Ust^  in  Appendix  B  of  this  report. 


those  needed  to  meet  a  ballistic  missile  attack 
alone.  Countering  an  attack  by  space-borne 
directed-energy  weapons  would  require^ 
sponse  times  of  seconds  or  less  to  avoid  tte 
loss  of  critical  defensive  capabilities.  The  cnt- 
ical  part  of  such  a  battle  could  weU  be  over  be¬ 
fore  humans  realized  that  it  was  taking  place. 

Although  automated  decision-making  is  a  fo¬ 
cus  of  concern  for  the  use  of  computers  m 
BMD,  computers  would  also  serve  many  other 
purposes.  Table  8-1  shows  many  of  the  places 
where  computers  would  be  used. 


Integrating  Sensors,  Weapons, 
and  Computers 

An  automated  BMD  system  would  i^uire 
some  degree  of  coordination  among  different 
computers,  but  there  would  be  many  places 
where  computers  would  act  independently  of 
each  other.  Table  8-1  shows  many  such  cases, 
e.g.,  computers  incorporated  into  sensor  sys¬ 
tems,  such  as  radars,  to  perform  signW  pro^ 
easing  on  dataperceived  by  the  sensor.  In  each 
case  the  computer  may  be  specially  designed 
for  its  job  and  is  physically  a  part  of  the  sys¬ 
tem  of  which  it  is  a  component. 

As  an  example,  an  imaging  radar  would  b^d 
up  an  image  of  an  object  such  as  an  RV  by 
analyzing  the  returns  from  the  object  over  a 
period  of  seconds.  The  radar  would  proems 
each  return  individually  and  store  the  results. 
With  sufficient  individual  returns,  the 
could  analyze  them  to  form  an  image  of  the 
object.  A  single  computer  inco-^rrated  into 
the  radar  would  perform  the  processing,  stor¬ 
age,  an  1  analysis.  From  the  viewpoint  of  an 
external  observer,  such  as  a  battle  manage- 
ment  computer  residing  on  a  different  plat¬ 
form,  the  radar  is  a  black  box  that  products 
au  image  of  an  RV.  The  external  obsarver  nerf 
know  nothing  about  the  computer  inside  the 
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Tabl«  8-1.— Cotnpulere  in  «  Ballistic  Misslla  Dafensa  Syatam 


Componert 


Purpose  of  Computers 


FlnV  and  S^eonO-Phaaa  Syatama: 
Battle  Management  Computers* 


Boost  Phase  Surveillance  and 
TracKIno  Satellite  (BSTS) 


Space  Surveillance  and  Tracking 
Satellite  (SSTS) 


Laser  Thermal  Tagger 


Carrier  Vehicle  (CV)  for  Space- 
based  Interceptors  (SB!) 


Space-based  interceptor  (SBI) 


Airborne  Optical  System  (AOS) 


Exo-atmospheric  Interceptor 
System  (ERIS) 


Ground-based  Terminal  Imaging 
Radar 


High  Endo-atmospheric 
Interceptors  (HEDI) 


rhird  Phase,  Add: 

Ground-based  Laser,  Space-based 
Mirrors 


Space-based  Neutral  Particle 
Beam  (NPB) 


Radiation  Detector  Satellites 


Coordinate  track  data  (e  g,  maintain  a  track  data  base  ar>d  correlate  data  from  multiple  sensors); 
maintain  status  of  and  control  defense  assets; 
select  strategy; 
select  targets; 

command  firing  of  weapons;  assess  situation. 

Process  signals  to  transform  IR  sensor  data  into  digital  data  representing  potential  booster  tracks; 
process  images  to  recognize  missile  launches  and  to  produce  crudely-resolved  booster  tracks; 
communicate  with  battle  management  computers; 

maintain  satellite  platform:  guidance,  station  keeping,  defensive  maneuvering; 
housekeeping. 

Process  signals  to  transform  IR,  laser  range-finder,  and  radar  sensor  data  Into  digital  data 
representing  potential  tracks; 

process  Images  and  data  for  fine-tracking  of  launched  boosters,  post-boost  vehicles.  RVs  and 
decoys  and  to  discrimitiate  RVs  from  decoys; 
point  sensors; 

communicate  with  other  elements  of  the  BMD  system; 
guidance,  station  keeping,  defensive  maneuvering, 
housekeeping  (maintain  mechanical  and  electronic  systems). 

Point  the  laser  beam; 

communicate  with  other  eie.ments  of  the  BMD  system; 

maintain  satellite  platform:  guidance,  station  keeping,  defensive  maneuvering; 

housekeeping. 

Monitor  status  of  SBIs; 
control  launching  of  SBIs; 
communicate  with  battle  manager, 

maintain  satellite  platform:  guldarwe,  station  keeping,  defensive  maneuvering; 
housekeeping. 

Guide  flight  based  on  commands  received  from  battle  manager; 

Track  target  vid  guide  missile  itome  to  target; 
communicate  with  battle  manager, 
housekeeping. 

Process  signals  to  transform  IR  data  Into  digital  data  representing  potential  tracks; 
process  images  and  data  for  fine-tracking  of  post-boost  vehicles,  RVs  and  decoys  and,  If  posslbts, 
discriminating  RVs  from  decoys; 
point  sensors; 

communicate  with  other  elements  of  the  BMD  system; 

control  of  airborne  platform; 

housekeeping. 

process  signals  und  images  from  on-board  sensor  tor  terminal  guidance  and  target  tracking; 

communicate  with  battle  manager  and  SSTS,  AOS,  and  probe  sensors; 

housetteeplng. 

Process  signals  and  Images  to  convert  radar  returns  to  target  tracks; 
process  images  and  data  to  discriminate  between  decoys  and  RVs; 
control  radar  beam; 

communicate  with  battle  managers  and  other  elements  of  BMD  system; 
housekeeping. 

Guide  missile  flight  based  on  commands  received  from  battle  manager; 

process  Pignals  and  Images  from  on-board  sensor  for  terminal  guidance  and  target  tr»:king; 

communicating  with  battle  manager; 

housekeeping. 

Manage  laser  beam  generation; 

Control  corrections  to  beam  and  mirrors  fo»'  atmospheric  turbulence; 
steer  mirrors; 

communicate  with  battle  manager; 
housekeeping. 

Manage  particle  beam  generation; 
steer  the  accelerator; 
track  potential  targets; 

communicate  with  battle  manager  and  neutron  detector; 

maintain  satellite  platform:  guidance,  station  keeping,  defensive  maneuvering, 

housekeeping. 

Discriminate  between  targets  and  decoys  based  on  sensor  Inputs; 
communicate  with  battle  manager  and/or  SSTS; 

maintain  satellite  platform:  guidance,  station  keeping,  defensive  maneuvering; 
housekeeping. 


•May  be  carried  cn  awisor  platforms,  weapon  platforms,  or  separata  platform*;  ground-baawl  unlta  may  be  moWla 
SOURCE  Of  flea  ©♦  Technology  Asaaismant.  1968. 
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radar,  or  how  it  operates,  but  only  the  form 
and  content  of  its  output. 

Customizing  the  Computer  for  the  Apphcation 

The  above  “black  box”  design  strategy  iy 
based  on  sound  engineering  principles  and 
tends  to  simplify  the  battle  management  ar¬ 
chitecture,  but  it  still  involves  some  difficult 
trade-offs.  One  such  trade-off  is  that  between 
developing  special-purpose  computers  for  Af¬ 
ferent  sensors  and  weapons  vyrsus  utA^ing 
commercially  available  hardware.  Utilizing 
commercially  available  computers  may  sim¬ 
plify  the  job  of  software  development.  There 
would  be  people  available  who  have  experience 
with  existing  hardware.  In  addition,  support 
tools  for  software  development  on  available 
computers  already  exist.  As  a  result,  software 
developed  for  commercially  available  con:- 
puters  would  probably  be  more  reliable,  more 
efficient,  and  less  expensive  thtm  software  de- 
veloned  for  uew  computers  built  specifically 
for  BMD.  Furthermore,  software  development 
would  not  have  to  wait  for  development  of  A® 
hardware,  reducing  the  risk  of  not  meeting 
schedules. 

On  the  other  hand,  hardware  specially  built 
for  BMD  is  likely  to  be  more  efficient  ^d  bet¬ 
ter  suited  to  the  job,  possibly  offsetting  rffi- 
dency  losses  in  software.  Moreover,  maintaina¬ 
bility,  reliability  of  the  hardware,  and  life-cyde 
cost  would  have  to  be  taken  into  account.  Soft¬ 
ware  experts  a*  OTA’s  SDI  Software  Work¬ 
shop  suggested  that  hardware  customization 
V.  software  reliability  and  cost  was  an  impor¬ 
tant  trade-off  that  should  be  resolved  in  favor 
of  simplifying  software  development.  How¬ 
ever,  some  SDI  computing  might  require  the 
use  of  novel  hardware  designs,  even  though 
this  might  require  designing  new  and  complex 
software  from  scratch. 

Communications  and  Computer 
Networks 

Battle  management  requires  communica¬ 
tions  among  the  battle  managers,  sensors,  and 
weapons  forming  a  BMD  system  and  between 
the  battle  managers  and  the  human  operators 


of  the  system.  Space-to-space,  spa^to-gn^A 

and  ground-to-space  conunnnicatiors  would  be 
required.  As  in  traditional  battle  mar-agenient, 
information  must  be  sent  in  useful  form,  on 
time,  and  securely  to  the  place  whe?e  it  is 
needed.  Also  as  in  traditional  battle  manag^ 
ment,  information  transmitted  among  battle 
managers  concerns  the  location  of  targets  and 
weapons,  the  status  of  resources,  and  d^sions 
that  have  been  made.  Distinct  from  traditions 
battle  manag[ement,  information  transmitted 
in  a  BMD  system  would  all  be  digitally  en¬ 
coded  and  the  transmissions  controlled  by  coin- 
puters.  As  noted  in  chapter  7,  the  rate  and  vol¬ 
ume  of  data  to  be  transnutted  depend  on  the 
battle  management  architecture. 

Estimates  of  Communications  Requirements 

The  Fletcher  Report  estimated  that  the  peak 
d&ta  rate  needed  by  any  communications  chan- 
nel  in  a  BMD  system  would  be  about  10’  bits 
per  second  (bps).’  This  estimate  assumed  that 
an  entire  track  file  would  have  to  be  trans¬ 
mitted,  that  the  file  would  contain  30,000 
tracks,  and  that  each  track  could  be  repre¬ 
sented  in  200  bits.  Except  for  the  number  of 
tracks  in  a  track  file,  the  estimate  is  based  on 
conservative  assumptions.  Furthermore,  it 
scales  linearly  with  the  number  of  tracks,  Le^ 
a  track  file  containing  300,000  tracks  would 
require  a  peak  rate  of  about  10*  bps. 

In  more  recent  work,  analysts  have  made 
more  specific  assv'mptions  about  architectures 
and  have  been  able  to  produce  more  refined, 
but  still  rough,  estimates.  For  example,  one 
study  of  boost-phase  communications  uses  a 
highly  ^stributed  architecture  consisting  of 
sensor  satellites  and  satellite  battle  groups 
composed  of  battle  management  computer^ 
sensors  for  booster  tracking,  and  space-based 
interceptor  (SB  I)  carrier  satellites.  Additional 
assumptions  were  made  about  numbers  of  tOT* 
gets  tracked  per  sensor  in  the  battle,  number 


•James  C.  Fletcher.  Study  Chairman  and  B  Mc^an.  Panel 

Chairman,  Report  0/ the  Study  on  Bliminatins  the  Thraet  Pwwa 

by  Nuclear  Btllistie  MiasUea;  Volume  V,  Battle  Maaa^ma^ 
CommumceUons,  end  DaU  Proceaeing,  (Washington.  DC:^ 
partment  of  Defense,  Defensive  Technologies  Study  Team.  Oct. 
1983).  p.  19. 
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of  bits  per  target  track,  non-uniform  message 
traffic  density,  number  of  relays  per  messag^ 
varying  message  types  (examples  are  track 
data,  status  information,  and  engagement 
data),  and  number  of  seconds  per  frame.  The 
result  was  a  peak  link  data  rate  for  boost  pharo 
within  the  transmission  rates  of  current  tech¬ 
nology.’ 

The  Fletcher  Report  noted,  and  OTA  con¬ 
curs,  that: 

The  technology  exists  today  to  transmit  10’ 
to  10*  bits/sec  over  data  links  of  the  length  and 
kind  needed  for  a  BMD  system.  Therefore, 
even  with  300,000  objects  in  the  track  file,  ex¬ 
isting  communication  technology  could  han¬ 
dle  the  expected  date  rates.  Cost  and  complex¬ 
ity  wU  vary  with  the  rate  desired  for,  but 
the  Panel  concludes  that  commumcation  rates, 
per  se,  will  not  be  a  limiting  factor  in  the  de¬ 
sign  of  a  BMD  system.’ 


Communications  Networks 


Regardless  of  volume,  communications 
would  have  to  be  secure  and  reliable.  It  would 
have  to  survive  attempts  by  m  enemy  to  m- 
tercept,  jam,  or  spoof  communications,  at  best 
rendering  the  system  ineffective,  at  worst  t^- 
ing  control  of  it  for  his  own  purposes.  It  would 
also  have  to  survive  physical  damage  mcur^ 
in  a  battle  or  defense  suppression  attack.  Ln- 
derstanding  the  threats  requires  understmd- 
ing  how  communications  would  function  m  a 
BMD  system. 


Current  communications  ♦r;hnology,  includ¬ 
ing  that  proposed  for  BMD  systems,  involves 
establishing  a  network  of  computers,  each  act¬ 
ing  as  a  communications  node,  that  transit 
data  to  each  other.  One  example  of  an  exist¬ 
ing  network  that  is  widely  distribute  g^ 
graphically  is  the  ARPA  network,  initially  dfr 
veloped  by  the  Defense  Advanced  Research 
Projects  Agency  (DARPA)  as  an  e^iraetal 
network.  Another  example  is  the  AT&T  long 
distance  telephone  network.  Both  differ  con¬ 
siderably  from  a  space-based  battle  commu¬ 
nications  network,  which  would  have: 


'Personal  communication.  Ira  Richer,  The  Mitw  Corp. 
fThe  Fletcher  Reportt  <y.  cit,  footnote  1,  p.  40. 


1.  more  nodes  and  more  available  direct  con 
nections  between  nodes; 

2.  different  delays  between  nodes  (perhaps 
5  milliseconds  for  the  example  distributed 
space-based  network  described  earlier  as 
compared  to  more  than  25  millisecwuls  for 
the  ARPA  network); 

3.  more  stringent  security  requirements; 

4.  a  need  to  re-establish  links  every  few  mm- 

utes;  and,  probably  ,  , 

5.  long  repair  times  for  individual  nodes. 

Nonetheless,  the  problems  are  sufficiently 
siimlar  that  the  terrestrial  networks  are  use¬ 
ful  examples.  Each  node  in  the  network  com¬ 
municates  with  several  other  nodes.  Users  of 
the  network  communicate  by  submittmg  mes¬ 
sages  to  the  network.*  The  computers  Mntrol- 
ling  and  comprising  the  network  route  the  mes¬ 
sage  from  one  node  to  another  until  it  reaches 
its  destination. 

Some  of  the  major  issues  that  must  be  re 
solved  in  de«’g"i"g  a  communications  network 
are: 

•  the  physical  arrangement  of  the  nodes  and 

the  interconnections  among  the  nodes; 

•  the  unit  of  data  transmission,  which  may 

be  a  complete  message  or  part  of  a 
message; 

•  the  algorithm  used  to  decide  what  route 
through  the  network  each  unit  of  data 
transmission  will  take; 

•  the  algorithm  used  to  encode  units  of  data 

transmission  so  that  they  may  be  reba- 
bly  transmitted;  ,  ^  * 

•  the  algorithm  used  by  nodes  for  inte^ 
changing  data  so  that  the  start  and  end 
of  each  data  transmission  may  be  deter¬ 
mined;  and 

•  the  methods  used  to  ensure  that  data  co^ 

munications  are  secure  and  cannot  be 
jammed,  spoofed,  or  otherwise  rendered 
unreliable. 


*ln  the  AT&T  net  woiit.  messages  are  sent  aaws  the 
to  establish  a  circuit  to  be  used  for  a  iong  distance  call  when 
a  subscriber  dials  a  long  distance  number.  GeneraUy.  once  a 
circuit  is  established,  it  is  dedicated  to  a  call,  and  co^umw- 
tions  on  it  may  be  sent  in  non-message  form  as  analogue  sig¬ 
nals  or  may  be  encoded  digitally  into  messages. 


7* 
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Since  most  of  these  issues  are  resolved  in 
software,  the  solutions  chosen  have  a  strong 
effect  on  the  complexity  of  the  software  and 
the  reliability  of  the  battle  management  sys¬ 
tem  as  a  whole.  The  more  critical  of  these  is¬ 
sues  are  discussed  in  the  following  sections. 
In  almost  every  case,  the  trade-off  is  that  add¬ 
ing  sophistication  to  the  algorithm(s)  used  to 
solve  the  problem  results  in  software  that  is  more 
complicated  and  more  difficult  to  debug. 

Network  Topology 

The  arrangement  of  interconnections  among 
nodes  is  known  as  the  “network  topology."  In 
attempts  to  improve  the  efficiency  and  relia¬ 
bility  of  networks,  numerous  topologies  have 
been  tried.  As  an  example,  until  recently  the 
AT&T  long  distance  telephone  switching  sys¬ 
tem  used  a  hierarchical  topology  to  establish 
a  circuit  to  be  used  for  a  long  distance  call.* 
Nodes  were  organized  into  levels.  Messages 
requesting  the  circuit  were  sent  from  a  lower 
level  to  a  higher  level,  then  across  the  higher 
level  and  back  down  to  a  lower  level.  If  all  mes¬ 
sages  must  pass  through  one  or  two  nodes, 
then  under  heavy  loads  those  nodes  may  form 
bottlenecks  that  decrease  network  perform¬ 
ance.  If  the  nodes  br  eak  down  under  the  traf¬ 
fic  load,  the  network  cannot  not  function  at 
all.  As  a  result,  most  networks  employ  al¬ 
gorithms  that  decide  what  route  each  message 
will  take  through  the  network.  The  route  may 
vary  according  to  the  prevailing  load  condi¬ 
tions  and  the  health  of  the  nodes  in  the 
network. 

Routing  in  Networks 

In  geographically  distributed  networks  with 
many  nodes,  the  routing  algorithm  is  a  sophis¬ 
ticated  computer  program.  Frequently,  net¬ 
work  performance  degrades  as  a  result  of  in¬ 
correct  assumptions  or  errors  in  the  design  and 
implementation  of  the  routing  algorithm.  Find- 

•To  help  alleviaU  botUenecks  in  the  system,  AT4T  is  now 
moving  towMd  a  non-hieTsrchical  system  where  no^  can  com- 
municate  directly  with  «*ach  other  rather  than  going  tbrou^ 
a  hierarchy.  Note  that  d  Kisiona  to  change  the  structure  of  the 
long  distance  system  are  made  as  the  result  of  observing  its 
behavior  over  extensive  periods  of  use  by  milhons  of  subaenwrs. 


ing  and  correcting  the  reason  for  degraded  per¬ 
formance  requires  knowledge  of  the  network 
status,  including  traffic  loads  at  nodes  ^d 
health  of  nodes.  Since  traffic  load  in  particu¬ 
lar  varies  second-by-second,  debugging  net¬ 
work  routing  software  is  a  difficult  and  time- 
consuming  job. 

One  can  only  have  confidence  in  relatively  bug- 
free  operation  by  permitting  the  network  to  func¬ 
tion  under  operational  conditions  long  enough 
to  observe  its  performance  under  varying  loads. 
Stress  situations,  e.g.  especially  heavy  traffle 
conditions,  tend  to  cause  problems.  In  operation 
such  conditions  are  relatively  infrequrat;  they 
are  also  hard  to  reproduce  for  debugging  pur¬ 
poses.  Nevertheless,  for  a  dedicated  network 
such  as  a  BMD  communications  system,  it 
may  be  easier  to  simulate  heavily  loaded  con¬ 
ditions  than  for  a  commercial  network. 

Either  software  failures,  such  as  an  error  in 
a  routing  idgorithm,  or  hardware  failures  may 
cause  catastrophic  network  failure.  In  Decem¬ 
ber,  1986,  the  east  coast  portion  of  the  ARPA 
network  was  disconnect^  from  the  rest  of  the 
network  because  a  transmission  cable  was  ac¬ 
cidentally  cut.  Although  the  ARPA  network 
had  evolved  over  more  than  15  years,  m  op¬ 
portunity  for  a  single-point  catastrophic  fail¬ 
ure  remained  in  the  design. 

Sometimes  the  interaction  of  a  harfware  fafl- 
ure  and  the  characteristics  of  a  particular  rout¬ 
ing  algorithm  can  cause  failure.  In  1971  nor¬ 
mal  operations  of  the  ARPA  network  came  to 
a  halt  because  a  single  node  in  the  network 
transmitted  faulty  routing  mformation  to 
other  nodes.  Transmission  of  the  faulty  data 
was  the  result  of  a  computer  memory  failure 
in  the  bad  node.  Based  on  the  erroneous  data, 
the  routing  algorithm  used  by  all  nodes  caused 
all  messages  to  be  routed  through  the  fa^ty 
node.  The  routing  algorithm  was  later  revised 
to  prevent  the  situation  from  recurring,  i.e., 
the  software  was  rewritten  to  compensate  for 
certain  kinds  of  hardware  failimes.* 


•For  a  more  complete  description  of  this  problem,  see  J. 
McQuillan,  G.  Falk,  and  I.  Richer,  “A  Review  of  the  Develop¬ 
ment  and  Performance  of  the  ARPANET  Routing  Algorithm." 
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Message  Transmission 

Information  to  be  sent  over  a  digital  com¬ 
munications  network,  such  as  used  in  BMD 
systems,  is  organized  into  messages.  In  some 
networks,  known  as  “packet-switched”  net¬ 
works,  for  transmission  purpos'ss  the  messages 
are  organized  into  blocks  of  data  “packets.”’ 
In  a  packet-switched  network  the  user  submits 
his  message  to  the  network  unaware  of  how 
the  message  will  be  organized  for  transmission. 
The  software  that  controls  the  network  must 
incorp'orate  a  method  for  extracting  messages 
from  packets  when  the  packets  reach  their  des¬ 
tinations. 

Seenrity  of  Commmiications 

Secure  network  communications  require  that 
the  routing  algorithm  be  correct,  that  nodes 
cannot  be  fool^  into  sending  messages  to  the 
wrong  recipient,  and  that  the  physied  commu¬ 
nications  links  are  secure  from  unauthorized 
interceptions.  Since  a  network  by  its  nature 
involves  access  to  many  computer  systems,  it 
affords  potential  saboteurs  a  chance  to  access 
many  different  computers.  Both  the  ARPA 
network  and  the  AT&T  telephone  network 
have  been  fooled  on  many  occasions  into  per¬ 
mitting  unauthorized  access  to  the  network 
and,  in  the  case  of  the  ARPA  network,  to  com¬ 
puters  on  the  network.  The  managers  of  both 
networks  continually  try  to  improve  their  pro¬ 
tection  against  such  access,  but  no  workable 
foolproof  protection  techniques  have  been 
found.*  As  noted  by  Lawrence  Castro,  Chief 
of  the  Office  of  Research  and  Development  at 
the  National  Computer  Security  Center, 


{continued  from  previous  pege) 

IEEE  Trans,  on  Communications,  vol.  COM-26,  No  12,  Decem¬ 
ber  1978. 

The  reader  should  keep  in  mind  that  the  ARPANET  was  de¬ 
signed  as  an  experimental  network,  and  not  as  a  high  reliabil¬ 
ity  network  intended  for  commercial  use. 

^Depending  on  the  situation,  several  messages  may  be  com¬ 
bined  into  one  packet,  or  one  message  may  be  split  across  sev¬ 
eral  packets.  In  either  case,  the  benefit  of  packet  switching  is 
that  network  resources  may  be  shared,  leading  to  more  efficient 
routing  of  messages  and  more  efHcient  use  of  the  network.  The 
disadvantage  is  that  the  job  of  the  routing  algorithm  may  be 
complicated,  and  routing  may  become  more  di^cult  to  debug. 

*Access  to  a  network  is  frequently  separated  from  access  to 
the  computers  using  the  network.  Entrance  to  the  ARPA  net¬ 
work  is  through  computers  dedicated  to  that  job,  known  as  ter- 


Current  computer  networking  technology 
has  concentrate  on  providing  services  in  a  ^ 
nign  environment,  and  the  security  threats  to 
these  networks  have  been  largely  ignored. 
While  literature  abounds  with  examples  of 
hackers  wreaking  havoc  through  access  to 
public  networks  and  the  computers  connected 
to  them,  hackers  have  exploited  only  a  frac¬ 
tion  of  the  vulnerabilities  that  exist.  Tech¬ 
niques  need  to  be  developed  that  will  prevtnt 
both  passive  exploitation  (eavesdropping)  and 
active  exploitation  (alteration  of  messages  or 
message  routing.)* 

Gaining  unauthorized  access  to  a  BMD  com¬ 
munications  network  would  at  least  require 
communications  technology  as  sophisticated 
as  that  used  in  the  design  and  implementation 
of  the  network.  Furthermoi  e,  an  enemy  wc  uld 
have  to  penetrate  the  security  of  the  data  links, 
which  would  likely  be  encrypted.  Since  network 
communications  would  used  for  cooi  dina¬ 
tion  among  battle  managers,  and  would  prob¬ 
ably  involve  transmission  of  target  and  health 
data,’*  the  worst  result  of  compromise  of  the 
network  would  be  that  the  enemy  could  con¬ 
trol  the  system  for  his  own  uses.  Disruption 
of  communications  could  result  in  disuse  or 
misdirection  of  weapons  and  sensors,  causing 
the  BMD  system  to  fail  completely  in  its  mis¬ 
sion.  To  achieve  such  disruption,  it  would  not 
be  necessary  for  a  saboteur  to  gain  control  of 
a  battle  management  computer,  but  only  to 
feed  it  false  data.  Less  subtle  ways  to  achieve 
the  same  means  might  be  to  destroy  sufficient 


minal  access  computers  (TACs).  Until  recently,  such  access  was 
available  to  anyone  who  had  the  telephone  number  of  a  TAC. 
Seveial  so-called  hackers  have  made  use  of  TAC  facilities  to 
gain  entrance  to  Department  of  Defense  computer  systems  con¬ 
nected  to  the  ARPA  network,  and  they  have  been  successfully 
prosecuted  for  doing  so.  Partly  as  a  re^t  of  such  unauthorized 
use  of  TACs,  password  protection  has  been  added  to  TAC  ac¬ 
cess  procedures.  The  telephone  companies  wage  constant  war 
against  people  who  attempt  to  use  their  long  distance  networks 
without  paying. 

•Lawrence  Castro.  “The  National  Computer  Security  Center's 
R&D  Program,"  Journal  of  Electronic  Defense,  vol.  1C,  No.  1, 
January  1987. 

'•The  health  of  a  resource,  such  as  a  sensor  satellite  or  weapon 
satellite,  is  how  well  the  resource  is  able  to  perform  its  mission 
and  what  reserves  are  available  to  it.  Example  measures  of  sat¬ 
ellite  health  are  battery  power  and  efficiency  of  solar  cells.  For 
a  BMD  satellite,  such  as  a  carrier  vehicle  for  SB  Is,  additional 
data  specific  to  the  function  of  the  satellite,  such  as  number 
of  SBIs  remaining,  would  be  included. 


communications  nodes  that  routing  algorithms 
become  overstressed  and  fail,  or  to  destroy 
sufficient  nodes  that  battle  managers  can  no 
longer  communicate  with  each  other.  The 
former  attack  requires  that  the  enemy  have 
some  knowledgt  of  the  routing  algorithms 
used:  the  latter  may  require  considerable  ex¬ 
penditure  of  physical  resources  such  as  anti¬ 
satellite  missiles. 

Even  passive  observation  of  a  BMD  com¬ 
munications  network  could  reveal  enough 
about  the  battle  management  and  communi¬ 
cations  algorithms  used  by  the  network  to  per¬ 
mit  an  enemy  to  devise  means  of  circumvent¬ 
ing  those  algorithms  and  thereby  rendering  the 
defense  partiaUy  or  totally  ineffective.  To  pre¬ 
vent  an  enemy  gaining  such  knowledge  by  ob¬ 
servation  of  communications,  encryption  of 
communication  links  and  techniques  for  dis¬ 
guising  potentially  revealing  changes  in  mes¬ 


sage  traffic  would  have  to  be  incoJT[)orated  a 
network  design. 

Although  encryption  and  other  technology 
could  make  passive  exploitation  quite  difficult, 
a  saboteur  could  perhaps  gain  access  to  the 
communications  software  and  hardware.  Anal¬ 
ysis  of  the  sabotage  questions,  however,  be¬ 
yond  the  scope  of  this  study. 

Achieving  secure,  rdiable,  adequate  commu¬ 
nications  requires  the  conjunction  of  at  least 
two  technologies.  The  technology  for  physical 
communications,  such  as  laser  communica¬ 
tions,  needs  to  provide  a  medium  that  is  diffi¬ 
cult  to  intercept  or  jam  and  that  can  meet  the 
required  transmission  bandwidth.  The  network 
technology  must  provide  adequate,  secure 
service  for  routing  messages  to  their  desti¬ 
nations. 


SIMULATIONS  AND  THE  NATIONAL  TEST  BED 


Preceding  sections  have  discussed  the  role 
of  computers  during  battle.  Computing  tech¬ 
nology  would  also  play  a  key  role  in  prepara¬ 
tion  for  battle  and  in  maintaining  battle- 
readiness.  Computer  simulations  (box  8-A) 
would  be  needed: 

•  to  anticipate  tlueats  against  the  system, 

•  to  model  different  ways  in  which  the  sys¬ 
tem  might  vmrk, 

•  to  provide  a  realistic  environment  in  which 

system  components  may  be  tested  during 
their  development,  and 

•  to  test  the  ffinctioning  of  the  system  us 
a  whole,  both  before  and  after  deployment. 

Simulations  and  Systems  Development 

Simulators  are  useful  during  all  stages  of  the 
development  of  complicated  systems. 

•  During  the  early  stages  of  the  develop¬ 
ment  of  a  system,  sLmulatori<  may  pr^ct 
the  behavior  of  different  system  designs. 
An  example  is  simulators  that  predict 


stresses  on  parts  of  a  bridge  for  different 
bridge  designs. 

During  the  middle  stp.gca  of  development, 
simulator.!  may  test  individual  compo¬ 
nents  cf  r.  system  by  simulating  those 
parts  not  yet  built  or  not  yet  connected 
together.  An  example  is  a  simulator  that 
reproduces  the  behavior  of  the  different 
parts  of  an  aircraft  before  the  aircraft’s 
systems  are  integrated.  A  radar  simulator 
cjui  feed  data  to  the  radar  data  processor 
before  the  radar  itself  has  been  finished. 
During  testing,  a  simulator  can  be  used 
to  reproduce  the  environraent  in  which  the 
system  will  oi.»erate.  Avionics  computers 
and  their  software  are  tested  before  instal¬ 
lation  by  connecting  them  to  an  environ¬ 
mental  simulator  that  reproduces  the 
flight  behavior  of  the  aircraft’s  systems 
to  which  the  computers  wiD  be  connected 
when  installed  in  the  airplane. 

After  deployment,  simulators  test  the 
readiness  of  systems  by  mimicking  the 
environment— including  stress  conditions 


Box  Simulations 

A  simulat’on  is  a  system  that  mimics  the  behp  dor  of  another  system.  The  difference  between 
the  simulation  and  the  system  being  mimicked  (called  the  target),  is  that  the  simulation  does  not 
accurately  reproduce  all  of  the  behavior  of  the  target.  Behavior  not  accurately  reproduced  is  either 
unimportant  to  the  users  of  the  simulation,  unknown  to  the  builders  of  the  simulation,  or  too  exj^n- 
sive  to  reproduce.  Many  simulators  operate  by  solving  a  set  of  mathematical  ^uations  that  pr^ict 
the  behavior  of  the  target  system  under  the  desired  conditions.  This  process  is  known  as  modelling 
the  behavior  of  the  target,  and  such  a  simulator  is  often  called  a  model.  Others  may  do  no  more 
than  supply  a  previously  determined  sequence  of  values  on  demand  or  at  fixed  time  intervals. 

Airplane  flight  simulators  are  good  examples  of  simulators.  Flight  simulators  used  for  pilot 
training  reproduce  flight  conditions  well  enough  to  help  train  pilots  how  to  fly,  but  not  tenant 
them  Ucenses.  No  one  would  trust  a  pUot  all  of  whose  flight  time  was  logg^  on  a  simulator.  Flight 
simulators  are  just  not  sufficiently  accurate  reproductions  of  flight  conditions  to  ensure  that  the 
pUot  knows  what  it  feels  like  to  fly  a  real  plane.  However,  a  pilot  who  already  has  a  hcense  may 
use  a  simulator  to  qualify  for  another  aircraft  m  the  same  class  as  his  liccnM,  e.g*,  a  pilot  quahned 
for  a  DC-10  could  qualify  to  fly  a  Boeing  747  based  only  on  simulated  flights. 

Constructing  an  accurate  simulation  requires  that  the  target  behavior  ^  well  understood  and 
that  tliore  be  some  method  for  comparing  the  behavior  of  the  simulator  with  the  behavior  of  toe 
target.  In  cases  where  the  physical  target  behavior  is  unavailable  for  comparison,  simulator 
havior  may  be  compared  to  other  simulators  modeled  on  the  same  target,  or  to  pr^ctions  made 
by  mathematical  models  of  the  target.  (In  cases  where  the  simulator  itself  is  a  model,  a  diprent 
model  may  be  used  for  comparison.  If  a  different  model  is  unknown  another  simulator  already  kno^fjm 
to  be  reliable,  or  hand  calculations,  may  be  used.)  A  simulator  that  models  the  trajectory  of  a  missile 
in  flight  can  be  checked  against  actual  missiles  and  the  equations  of  motion  that  are  known  to  gov¬ 
ern  such  trajectories.  A  simulator  that  models  the  behavior  of  the  Sun  can  only  ^  compared  to 
observed  solar  behavior,  and  may  be  quite  inaccurate  when  used  to  predict  behavior  under  previ¬ 
ously  unknown  conditions. 


—for  which  it  is  critical  that  the  system 
operate  correctly.  Such  simulators  are 
often  build  into  the  system  and  contain 
means  of  monitoring  its  behavior  during 
the  simulation.  The  design  of  the  SAFE¬ 
GUARD  sjiti-ballistic  missile  system  of 
the  early  1970s  incorporated  a  simulator 
called  the  system  exerciser*'  to  permit 
simulated  operation  of  SAFEGUARD 
during  development  and  after  deployment. 

Current  Battle  Simulation  Technology 

As  faster,  deadlier,  and  more  expensive 
weapons,  such  as  guided  missiles,  have  been 
added  to  arsenals,  the  demand  on  simulation 
technology  to  analyze  their  effects  has  in¬ 
creased.  For  example,  in  the  early  197rs,  sin¬ 
gle  engagement  simulations  modeled  such 
events  as  defending  against  a  single  missile 


attacking  a  single  ship.  Such  simulations  can 
now  be  run  30  times  slower  than  real  time,  i.e., 
30  seconds  of  processor  time  devoted  to  run¬ 
ning  the  simulation  corresponds  to  a  second 
in  an  actual  engagement.  However,  the  de¬ 
mand  is  now  to  develop  simulators  that  can 
model  many  missUes  against  many  ships. 

Work  at  the  U.S.  Army's  Strategic  Defense 
Command  (USASDC)  Advanced  Research 
Center  (ARC)  is  representative  of  current  BMD 
simulation  technology.  In  late  1986,  ARC  re¬ 
searchers  completed  a  set  of  mid-course  BMD 
battle  simulations.  The  simulations  employed 
6  Digital  Equipment  Coiporation  V  AX  11/780 
computers  coupled  by  means  of  shared  mem¬ 
ories.  Four  of  the  computers  could  simulate 
battle  managers,  one  simulated  surveillance 
sensors  (all  of  the  same  type)  and  weapons 
(ground-launched  homing  interceptors  of  the 
Exoatmospheric  Reentry  vehicle  Interceptor 
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System),  and  one  simulated  32  other  engaged 
platforms." 

The  ARC  researchers  ran  three  battle  man¬ 
agement  design  cases: 

1.  36  battle  managers  that  communicat^ 
among  each  other,  known  as  the  distrib¬ 
uted  case; 

2.  a  single  centralized  battle  manager;  arid 

3.  36  autonomous  battle  managers  that  did 
not  communicate  with  each  other,  known 
as  the  autonomous  case. 

The  centralized  and  distributed  cases  as¬ 
sumed  236  and  237  interceptors  respectively, 
and  the  autonomous  case  assumed  660.  The 
maximum  threat  simulated  was  1,000  objects, 
which  required  7  hours  to  run.  The  centralized 
and  distributed  cases  took  3  and  4  hours  re¬ 
spectively  to  run  against  a  threat  of  216  RV  s. 
The  simulation  took  15  months  to  develop,  and 
included  about  150,000  lines  of  code,  much  of 
it  in  the  Pascal  programming  language.  (Code 
for  the  battle  managers  was  replicated  for  some 
simulations;  the  replication  is  not  included  in 
the  150,000  Unes,) 

Perhaps  the  largest  stumbling  block  in  run¬ 
ning  larger  scale  and  more  realistic  simulations 
for  the  ARC  is  the  lack  of  computing  power. 
SDIO  expects  the  EV88  experiment  sequence, 
running  tlu’ough  fiscal  year  1990,  to  conduct 
leirger  scale  simulations  involving  the  ARC, 
the  Airborne  Optical  Adjunct,  prototype 
space-based  BMD  components,  and  the  Na¬ 
tional  Test  Bed.  This  series  of  experiments  will 
require  considerably  more  computing  power 
than  is  now  in  place  at  the  ARC. 

Simulation  experts  agree  that  computing 
power  is  currently  the  major  limitation  in  per- 
foiming  large  scale  simulations.  However, 
other  factors  complicate  the  situation.  Where 
equipment  or  environments  are  not  well-under¬ 
stood  or  include  many  random  variables,  the 
accuracy  of  simulations  is  difficult  to  verify. 
This  is  the  case,  for  example,  in  simulations 
of  sea  conditions  surrouncUng  missile  v.  ship 
engagements. 

"Depending  on  the  archiUclnre  being  simulated,  the  other 
platforms  were  either  battle  managers  or  sensors. 


Some  military  simulation  experts  noted  to 
OTA  staff  that  every  time  they  performed 
simulated  threat  assessments  without  prior  ac¬ 
cess  to  the  real  equipment  being  modeled,  the 
behavior  of  the  real  equipment  surprised  them. 
They  strongly  emphasized  that  it  was  only 
when  a  simulation  could  be  compared  to  an  ac¬ 
tual  experiment  that  the  verisimilitude  of  the 
.sjnulation  could  be  checked.*-  The  implication 
for  BMD  is  that  actual  Soviet  decoys  and  mis¬ 
siles  would  have  to  be  examined  and  observed 
in  operation  to  simulate  their  workings  ac¬ 
curately.  Similarly,  the  battle  environment,  in¬ 
cluding  nuclear  effects— where  appropriate— 
and  enemy  tactics,  would  have  to  be  well  under¬ 
stood  to  conduct  a  battle  simulation  properly. 

The  National  Test  Bed 

The  SDIO  is  sponsoring  the  development  of 
a  National  Test  Bed  (NTB)— a  network  of  com¬ 
puters  and  a  set  of  simulations  to  execute  on 
those  computers.  A  threat  model  is  to  simu¬ 
late  the  launch  of  Soviet  missiles  and  display 
their  trajectories  after  laur  ch.  Another  model 
would  simulate  a  complete  BMD  battle  to  ex¬ 
ercise  a  deployed  BMD  system. 

The  NTB  would  be  utilized  in  all  phases  of 
the  development  and  deployment  of  a  BMD 
system.  It  should  permit  experimentation  with 
various  system  and  battle  management  ar¬ 
chitectures,  battle  management  strategies,  and 
implementations  of  architectures.  It  would  be 
the  principal  means  of  testing  BMD  system 
components  and  subsystems  as  well  as  the  en¬ 
tire  BMD  system,  thereby  providing  the  ba¬ 
sis  for  their  reliability. 

Preliminary  design  work  studies  for  the  esti¬ 
mated  $1  billion  NTB  were  completed  in  De¬ 
cember  1986."  Initially,  the  NTB  is  to  te  a  net¬ 
work  of  computers,  each  simulating  a  different 
aspect  of  a  BMD  engagement.  The  number  of 
computers  linked  for  any  particular  engage- 

••Experience  cited  here  is  drawn  from  discussions  with  scien- 
tisU  from  the  Naval  Research  Laboratory’s  Tactical  Electronic 
Warfare  Division  about  simulations  of  Naval  warfare. 

'•Major  James  Price,  SDIO’s  assistant  NTB  director,  de¬ 
scribed  the  NTB  as  a  $1  billion  program  through  1992  in  an 
interview  reported  in  Defense  Electronics  in  February*  1987. 
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ment  would  vary  depending  on  the  complete¬ 
ness  and  depth  of  detail  required.  Initial  capa¬ 
bilities  would  not  permit  simulation  of  a  full 
battle  involving  hundreds  of  thousands  of 
objects. 

A  major  use  of  the  NTB  would  be  to  con¬ 
duct  experiments  with  different  BMD  technol¬ 
ogies  and  strategies.  The  currently  visualized 
NTB  would  link  sensors,  weapons,  or  battle 
managers  to  simulations  that  reproduce  the 
data  they  would  handle  during  a  battle.  The 
object  could  then  be  tested  under  varying  con¬ 
ditions.  The  results  of  such  experiments  would 
be  quite  sensitive  to  the  verisimilitude  of  the 
simulations.  Accordingly,  it  is  important  that 
there  be  a  way  to  verify  the  accuracy  of  the 
simulations  used  in  NTB  tests  and  exper¬ 
iments. 

Computers  in  Support  of 
BMD  System  Development 

A  BMD  system  to  counter  the  Soviet  bal¬ 
listic  missile  threat  might  be  the  most  compli¬ 
cated  system  ever  built.  It  would  involve  the 
use  of  many  different  technologies,  the  auto¬ 
mated  interplay  of  thousands  of  different  com¬ 
puters,  sensors,  and  weapons,  and  the  devel¬ 
opment  of  more  software  than  has  been  used 
in  any  single  previous  project.  Accordingly, 
manag;ing  the  development  of  such  a  system 
would  require  considerable  computer  support 
to  track  progress,  to  identify  problems,  and 
to  maintain  the  status  of  components  under 
development,  in  test,  and  deployed. 

Computers  would  iJso  be  used  to  design,  gen¬ 
erate,  and  test  system  hardware  and  software. 
Engineers  and  managers  are  likely  to  be  geo- 
graphicaUy  clispc  rsed  .md  would  need  to  trans¬ 
fer  information  from  one  computer  to  another. 
The  interaction  among  people  would  only  be 
effective  if  there  were  a  means  for  effective  in¬ 
teraction  among  the  computer  systems  that 
they  use.  Previous  sections  of  this  chapter  have 
concentrated  on  the  role  of  computers  in  the 
operation  and  testing  of  a  BMD  system.  But 
it  is  clear  that  effective  computing  technology 
would  be  needed  not  just  in  a  strategic  battle, 
but  .. long  before  system  deployment  and 
throughout  the  lifetime  of  the  system. 


Computing  Technology  Trade-offs 

Chapter  7  and  the  preceding  sections  have 
portrayed  some  of  the  trade-offs  involved  in 
using  computers  for  ballistic  missile  defense. 
The  foUowing  list  summarizes  those  trade-offs. 

•  Processing  power  required  v.  volume  of 
data  communications  among  battle  man- 
agers.  Sharing  information  among  battle 
managers  relieves  them  of  some  of  the 
tasks  t  hat  they  might  otherwise  have  to 
perform,  and  decreases  the  processing 
load  on  each  of  the  battle  managers,  but 
increases  the  data  commtmications  rate 
requirements  and  also  requires  that  com¬ 
munications  be  secure  and  reliable. 

•  Performance  v.  volume  of  data  communi¬ 
cations.  Sharing  data  among  battle  man¬ 
agers  allows  the  system  to  operate  more 
efficiently,  but,  as  in  the  previous  trade¬ 
off,  greater  dependence  on  communica¬ 
tions  requires  greater  conanunications  ca¬ 
pacity,  reliability,  and  security. 

•  Performance  V.  degree  of  automation.  Per¬ 
mitting  hun  an  intervention  during  a  bat¬ 
tle  degrades  performance  under  some  con¬ 
ditions,  but  may  permit  recovery  from 
failures  caused  by  the  inability  of  an  auto¬ 
mated  system  to  recover  from  unantici¬ 
pated  and  undesired  events. 

•  Processing  power  required  v.  battle  man¬ 
agement  organization.  A  distributed  or^- 
nization  would  require  less  processing 
power  from  each  computer  but  more  com¬ 
munications  than  centralized  battle  man¬ 
agement,  w'lich  requires  placing  a  consid¬ 
erable  concentration  of  processing  power 
i^'  one  computer  system. 

•  Software  complexity  v.  battle  manage¬ 
ment  organization.  A  hierarchical  battle 
management  architecture  simplifies  the 
software  design  but  may  leave  the  system 
less  survivable  because  of  the  possibility 
of  command  layers  being  disabled.  A  de¬ 
centralized  battle  management  structure 
would  increase  the  complexity  of  the  com¬ 
munications  software  and  might  require 
more  weapon  resources  but  might  result 
in  a  more  survivable  system. 

•  Software  expense  and  reliability  v.  hard¬ 
ware  customization  Customizing  hard- 


Ptioto  cmdit:  Eipctronfc  Sy9t9m»  QMMion.  U.S  Air  Far#  Sy#f#mi  Command. 


Computer  slmulatiorre  are  to  play  a  Key  role  in  the  developtfleni  and  testing  of  SDI 

Of  video  disDiavs  screens  generated  by  a  ballistic  missile  defense  battle  simulation  program  developed  at  the  MITRE 
Corporation.  The  circles  in  the  scene  above  depict  areas  of  coverage  tor  a  system  of  sp^e-based  Interceptors.  The  scene 
below  indicates  the  tracks  of  ICBM  boosters  a  few  minutes  after  launch. 
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ware  to  perform  efficiently  at  specific 
tasks  could  improve  hardware  capabU* 
ities,  but  might  result  in  longer  software 
development  schedules  and  decreased 
software  reliability  because  of  lack  of  ex¬ 
perience  with  and  lack  of  development 
tools  for  the  hardware. 

These  trado-offs  represent  important  ar¬ 
chitectural  issues  that  strongly  affect  the  com¬ 


puting  technology  needed  for  BMD.  For  most 
of  them,  the  SDI  system  architects  have  not 
yet  explored  the  alternatives  in  sufficient  de¬ 
tail  to  be  able  to  quantify  choices.  As  a  result, 
there  are  still  only  crude  estimates  of  the 
spe^s  sizes  of  the  computers  needed,  and 
the  rates  at  which  data  would  have  to  be  com¬ 
municated  among  the  elements  ot  a  BMD 
bystem. 


PROCESSOR  TECHNOLOGY 


Table  8-1  shows  many  of  the  places  where 
computers  would  be  us^  in  the  fighting  com¬ 
ponents  of  a  BMD  system  and  the  jobs  they 
would  perform.  Rough  estimates  of  the  re¬ 
quired  memory  capacities  and  speeds  are  in 
included  in  the  classiHed  version  of  this  re¬ 
port.'*  Estimates  of  computer  performance  re¬ 
quirements  for  various  BMD  fuacti<ms  are 
shown  in  table  8-2. 

Processing  requirements  are  highly  depen¬ 
dent  on  the  sy’stem  and  1  attle  management 
architectures,  and  on  t'  threat.  Without 
detailed  architectural  spt  >  ifications  and  a  pre¬ 
cise  specification  of  the  algorithms  to  be  used, 
estimates  of  speed  and  memory  requironents 
accurate  to  better  than  a  factor  of  10  probably 
cannot  be  made. 

Because  of  the  variety  of  jobs  they  would 
perform,  BMD  computers  would  vary  con¬ 
siderably  in  speed  and  memory  capacity.  Spe¬ 
cial  purpose  computers  would  probably  exe¬ 
cute  some  computing  tasks,  such  as  signal 
processing.  General-purpose  computers  faster 
than  any  nov'  existing  would  probably  be 
needed  for  computationally  stressful  tasks 
such  as  discrimination  of  RVs  and  decoys  in 
mid-course.  All  space-based  computers  would 
have  to  be  radiation-hardened  beyond  the 
limits  of  existing  computers.'* 

**For  many  of  the  system  elements  shown  in  table  8*1.  esti* 
mates  for  processing  speed  and  size  are  not  available.  The  most 
computationally  intensive  tasks  are  probably  signal  process* 
ing  for  the  IR  and  optical  sensors  incorporated  into  BSTS,  SSTS. 
and  AOS.  especially  for  the  mid-term  and  far-term  architectures. 

"Radiation  hardening  to  within  an  order  of  magnitude  of  SDI 
requirements  for  some  critical  components  of  computer  ^rstems 


In  addition  to  their  use  m  the  fighting  com¬ 
ponents  of  the  system,  computers  would  also 
be  used: 

1.  in  simulators; 

2.  to  help  design,  test,  exercise,  and  train 
people  in  the  use  of  the  system;  and 

3.  to  assist  in  supporting  the  system 
throtighout  its  lifetime. 

Captabilities  of  Ebcisting  Computers 

The  processing  power  of  a  computer  is  de¬ 
termined  by  the  operating  speed  of  its  compo¬ 
nents  and  the  way  they  are  interconnected  (see 
box  8-B).  Processing  and  memory  components 
are  built  from  semiconductor  chips,  whose 
speed  is  Htnitfd  by  the  number  and  arran^ 
ment  of  circuits  that  can  be  placed  on  a  chip. 
Developments  in  chip  design  and  production 
technology,  including  advances  from  large 
scale  integrated  circuits  (LSI)  to  very  large 
scale  integrated  circuits  (VLSI),  have  increased 
processor  speeds  for  general  purpose  comput¬ 
ers  by  a  factor  of  three  to  four  approximately 
every  2  years  for  about  the  past  lOyears.  Much 
of  tUs  progress  has  been  the  result  of  refine¬ 
ments  in  chip  design  and  production.  As  a  re¬ 
sult,  some  existing  supercomputers,  such  as 
the  Cray  XMP  series  or  Cray  2,  may  be  close 
to  satisfying  most  SDI  data  processing  needs, 
except  that  such  machines  are  not  packaged 
in  a  suitable  form. 


has  been  demonstrated.  A  complete  computer  system  that  is 
space  qualified  and  radiation-hardened  to  within  an  order  of  mag¬ 
nitude  of  SDI  requirements  for  space-borne  computers  has  yet 
to  be  built 
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Box  8-B.— MIPS,  MOPS,  and  MEGAFLOPS 

The  processing  power  of  a  computer  is  often  expressed  as  the  rate  at  which  it 
structions,  measured  in  instructions  per  seconds,  or  ips.  A  computer  that  can  execute  a  in¬ 

structions  per  second  is  a  1  mips  machine.  Although  mips  give  a  crude  measure 
a  computerVlhere  is  too  much  variability  in  the  trae  it  taxes  to  execute  ^«erent 
the  same  machine  and  in  the  instructions  used  by  different  machmes  for  cups  to  be  a  true  co.*.p-ra 
tive  measure  of  processing  power.  ... 

Complex  instructions  may  take  four  or  five  times  longer  to  execute  than 
on  the  same  machine.  A  complex  instruction  on  one  machine  m^  have  the  same  effect  “ 
the  time  as  three  simple  instructions  on  a  different  machine.  To  simulate 
mix  of  different  instructions  are  often  used  in  measurmg  computer 
ments  are  sometimes  characterized  as  operations  per  swond,  or  ops,  j;ft*‘er  ^an 
that  can  execute  a  million  operations  per  second  is  called  a  1  mops  machine.  BMD  signal  process  g 
needs  have  been  estimated  to  be  as  much  as  50  billion  ops  (50  gigops). 

One  class  of  instructions,  known  as  floatingpoint  instructions,  are  im^rtant  in 
culations  involving  numbers  that  vary  over  a  wide  range,  but  are  very  costly  in  terms  of 
time.  A  common  option  on  computers  is  an  additional  processor,  rometimes  known  as  » 
point  accelerator,  specialized  to  perform  floating  point  operations  The 
to  perform  numerical  Heating  point  operations  efficiently  is  usu^y  measured 
atiOTs  per  second,  or  flops.  A  wmputer  that  can  execute  a  miUion  floatmg  pomt  mstructions  per 
second  is  a  1  megaflops  machine. 

To  compensate  for  differences  in  instruction  sets  and  instraction  effects  on  different  com^t^, 
standard  nSes  of  instructions  are  used  to  compare  the  perfoimanw  of  different 
appUcations  involving  widelyrangmg  numeri^  calculations,  such  u 
instructions  are  included  in  the  mix.  The  variation  m 

be  a  factor  of  three  or  four,  depending  on  the  mix,  the  machmes  mvolved,  and  other  factors. 

For  purposes  of  estimating  processing  power  needs  for  SDI  BMD,  the 
yet  knoira  to  better  than  a  factor  of  about  10.  which  dommates  differenres  m  "'"g 

ent  instruction  mixes.  Accordingly,  estimates  in  this  report  will  gem  rally  be  given  m  terms  of  mips 

or  mops.  _ 


If  progress  can  be  continued  at  the  same  rate 
as  in  recent  years,  sufficiently  powerful  proc¬ 
essors  to  meet  the  most  stressing  requirements 
of  SDI  BMD  should  be  available  in  about  10 
years.  An  obstacle  to  satisfying  BMD  proc¬ 
essing  power  requirements  is  that  the  proces¬ 
sors  with  the  largest  requirements  are  those 
that  would  have  to  be  space-based  and  there¬ 
fore  radiation  hardened.  Special  development 
programs  would  be  needed  to  produce  ade¬ 
quate  space  qualification  and  radiation  harden¬ 
ing  for  the  new  processors. 

New  Computer  Architectures 

Current  chip  production  technology  may 
soon  reach  physical  limitations,  such  as  the 
number  of  off-chip  connectors  and  the  size  of 


the  features  used  to  construct  circuits  on  the 
cWp.  Increases  in  processor  speeds  may  then 
have  to  await  new  chip  production  technology 
or  new  ways  of  building  processors,  e.g.,  opti¬ 
cal  techniques.  An  alternative  to  increasing 
computer  speeds  without  improving  compo¬ 
nent  speeds  is  to  find  better  ways  of  intercon¬ 
necting  components,  i.e.  better  computer  ar¬ 
chitectures,  and  better  ways  of  partitioning 
computing  tasks  among  computers.  Comput¬ 
ers  constructed  by  interconnecting  many  small 
computers  in  ingenious  ways,  such  as  the 
Hypercube  computers  developed  at  Cal  Tech 
and  later  produced  by  Intel  as  the  iPSC  ma¬ 
chine,  are  just  now  appearing  on  the  market.** 

'•  C.L.  Seitz,  "The  Cosmic  Cube,"  CommuaicatioDS  of 
ACM,  January  1985. 
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The  iPSC  is  estimated  to  run  at  100  mips  and 
8  mflops,  but  is  well-suited  only  for  scientific 
computing  tasks  that  can  be  organized  to  take 
advantage  of  the  iPSC’s  architecture.  Whether 
or  not  such  architectures  will  be  useful  for  the 
most  :omputationully-intensive  BMD  tasks 
will  depend  on  what  algorithms  are  used. 

Novel  computer  architectures,  despite  their 
potential  processing  power,  have  the  ^awback 
that  the  software  technology  base  needed  to 
capitalize  on  their  potential  must  be  developed. 
New  software  is  needed  to  nin  programs  on 
new  computers,  to  help  users  decompose  their 
problems  to  utilize  the  machine’s  potential,  and 
to  convert  existing  software  to  execute  on  the 
machine.  As  an  example,  to  meet  Department 
of  Defense  (DoD)  standards,  a  computer  such 
as  the  iPSC  would  need  a  compiler  for  Ada™ 
(the  DoD’s  standard  programming  language 
for  weapon  systems)  and  an  operating  system 
compatible  with  Ada™.  Although  advances 
in  computing  hardware  have  come  rapidly, 
software  development  is  notoriously  slow  and 
costly. 

Space  Qualification  and 
Radiation  Hardening 

Space-qualified  general  purpose  computers 
lag  ground-based  computers  in  processing 
power  by  a  factor  of  20  or  more.  The  fastest 
spaceHjualified— but  not  radiation-haidened— 
processors  today  achieve  processing  rates  of 
about  1  mips.’^  Adequate  radiation  hardening 
of  the  computers  imposes  a  more  significant 
penalty  in  cost  than  in  processing  Sj^ed.  The 
most  promising  technology  for  meeting  both 
speed  and  radiatioi  i  hardening  requirements 
currently  uses  gaUivm  arsenide  (GaAs)  rather 
than  silicon  in  the  taanufacture  of  chips.  Al¬ 
though  GaAs  is  more  radiation  resistant,  high 
defect  densities  reduce  manufacturing  yields, 
making  chip  production  costlier.  The  higher 
defect  densities  also  impose  smaller  chip  sizes 
and  fewer  electronic  circuits  per  chip.  The  con- 

The  Sperry  1637  and  Delco  MAGIC  V  avionics  processors 
achieve  a  rate  of  about  1  mips,  but  neither  are  radiation-hardened 
nor  have  they  been  used  in  space  applications,  Tlie  Rockwell 
IDF  224  and  Delco  MAGIC  362S  space-qualified  processors 
achieve  a  rate  of  about  f  00  kops  for  instruction  mixes  that  do 
not  include  floating  point  operations. 


sequent  lower  overall  level  of  integration  may 
require  processors  to  have  more  components 
and  be  less  reliable.  Researchers  in  chip  pro¬ 
duction  say  that  current  problems  with  man¬ 
ufacturing  )delds  and  circuit  densities  are  tem¬ 
porary  and  will  be  solved.  As  Milutinovic 
states, 

. . .  many  problems  '  Jated  to  materials  are 
considered  tempori  .-y  in  nature,  and  one 
prediction  states  that  the  steady-state  cost 
will  be  about  one  order  of  magnitude  greater 
for  GaAs  than  for  silicon." 

Space-based  computers  must  be  able  to  with¬ 
stand  long-term  cumulative  doses  of  radiation 
and  neutron  flux,  short  bursts  of  a  few  highly- 
energetic  particles  (known  as  transient  events), 
and  electromagnetic  pulses  (EMP)  resulting 
from  nuclear  detonations.  Although  shielding 
may  protect  semiconductors  against  aU  three 
phenomena,  it  incurs  a  corresponding  weight 
penalty.  Gallium  arsenide  is  a  promising  ma¬ 
terial  for  semiconductors  because  it  is  more 
resistant  to  cumulative  radiation  and  neutron 
flux  damage  than  silicon.  Resistance  of  GaAs 
to  transient  events  is  dependent  on  the  par¬ 
ticular  chip  design. 

It  may  be  possible  to  harden  space-based 
computers  to  survive  the  radiation  of  a  nuclear 
weapons  battle  environment.  But  it  is  impor¬ 
tant  to  consider  the  effects  of  such  an  envi¬ 
ronment  on  software  as  well  as  on  hardware. 
A  transient  radiation-caused  upset  might  in¬ 
terrupt  the  current  operation  of  computer  hard¬ 
ware,  leading  either  to  a  resetting  of  the  proc¬ 
essor  or  to  the  changing  of  a  bit  in  memory 
or  in  the  internal  circuitry  of  the  processor.  The 
processor  may  contmue  to  function,  but  the 
state  of  the  computation  may  be  altered,  caus¬ 
ing  an  error  in  software  processing,  i.e.,  a  sys¬ 
tem  failure. 

Consider  as  an  analogy  the  effects  of  a  sin¬ 
gle  digit  error  on  the  computation  of  an  entry 
for  an  income  tax  form.  ’The  error  may  be  so 
small  as  to  be  hardly  noticeable,  and  it  may 
even  make  no  difference  because  the  tax  scales 


"Veljko  Milutioovic,  “GaAs  MicroprocMior  Technology,” 
Computer,  October  1986,  pp.  10-13. 


are  incietnental,  not  continuous.  On  the  other 
hand,  a  larger  error  in  a  single  digit  may  have 
a  considerable  effect  on  the  amount  of  tax  paid. 
In  either  case,  the  error  may  propagate 
through  later  entries  on  the  form  until  it  is  no¬ 
ticed  and  corrected.  Unless  the  taxpayer 
checks  liis  entries  for  reasonableness,  he  may 
not  find  the  error.  The  IRS  may  find  the  error 
by  duplicating  the  taxpayer's  calculations,  or 
by  performing  consistency  and  reasonableness 
checks. 

The  effects  of  transient  events  on  comput¬ 
ing  accuracy  are  difficult  to  predict.  Design¬ 


ing  software  to  cope  with  such  events  is  a  for¬ 
midable  problem,  requiring  one  to  forecast  all 
possible  symptoms  of  upsets  and  provide  en^- 
recovery  measures  for  them.^*  It  is  also  ^ffi- 
cult  to  simulate  the  occurrence  of  transient 
events  realisticaUy  enough  to  test  the  software 
design.  There  is  little  experience  with  software- 
intensive  systems  operating  under  conditions 
likely  to  produce  transient  events. 

'*The  design  problem  may  be  simpUaed  somewhat  by  group- 
ing  possible  symptoms  into  classes  so  that  all  evenU  in  a  par¬ 
ticular  class  may  be  handled  in  the  same  way.  Grouping  events 
into  classes  and  devising  the  appropriate  response  for  each  class 
is  a  very  difficult  design  problem. 


CONCLUSIONS 


A  HMD  system  to  counter  the  Soviet  bal¬ 
listic  missile  threat  might  be  the  most  compli¬ 
cated  artifact  ever  built.  It  would  involve  the 
application  of  many  different  technologies:  the 
automated  interplay  of  thousands  of  different 
computers,  sensors,  and  weapons:  and  the  de¬ 
velopment  of  more  software  than  has  been  used 
in  any  single  previous  project.  An  advanced 
BMD  system  would  require  computers  in  every 
fighting  element  of  the  system  and  in  many 
supporting  roles.  , 

The  degree  of  automation  demanded  entails 
not  only  advances  in  software  technology  (ad¬ 
dressed  in  chapter  9)  but  also  advtmces  in  se¬ 
cure  computer  networking,  processing  power , 
and  radiation  hardening  of  electronics.  The  ex¬ 
tent  and  importance  of  simulations — in  devel¬ 
oping,  exercising,  and  otherwise  maintaining 
the  system,  as  well  as  in  training  people  in  its 
use — would  require  an  advance  in  simulation 
technology. 

Because  several  difficult  architectural  trade¬ 
offs  have  not  yet  been  sufficiently  addressed, 
the  scope  of  the  advances  need^  cannot  be 
well  predicted.  Until  an  architectural  descrip¬ 
tion  is  available  that  clearly  specifies  battle 
management  structure  and  allocates  battle 
management  functions  both  physically  and 
within  that  structure,  better  predictions  will 
not  be  possible. 


Further  discussion  of  the  computing  tech¬ 
nology  issues  involved  in  producing  an  auto¬ 
mated  BMD  system  follows. 

Reliable,  Secure  Communications 

Common  to  all  BMD  systems  that  require 
human  intervention  at  any  stage  is  the  need 
to  provide  secure,  repid  conununications  be- 
tween  the  human  and  the  battle  mmagement 
computers.  If  part  of  the  system  is  in  spa^, 
then  most  likely  there  would  be  a  need  for 
apace-to-ground  communications.  Battle  man¬ 
agement  requires  communications  among  the 
battle  managers,  the  sensors,  and  the  weap¬ 
ons  forming  a  BMD  system.  The  computers 
forming  the  communications  network  would 
digitally  encode  and  control  all  the  trans¬ 
missions. 

Achieving  secure,  rdiable,  adequate  commu¬ 
nications  would  call  for  simultaneous  advances 
in  at  least  two  technologies.  First,  hardware 
technology,  such  as  laser  commumcations, 
ne^s  to  provide  a  medium  that  is  difficult  to 
intercept  or  j  am  and  that  can  meet  the  required 
transmission  bandwidth.  Second,  network 
technology  must  provide  adequate,  secure,  sur- 
vivable  service  for  routing  messages  to  their 
destinations.  When  damaged,  the  network 
must  be  able  to  reconfigure  itself  without  sig- 
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nificantly  disrupting  communications.  Such 
performance  would  t^e  sophisticated  network 
control  software— probably  beyond  the  current 
state  of  the  art.  I^oposed  solutions  to  these 
problems  are  either  untried  or  have  only  been 
tried  in  ground-based  laboratory  situations. 

Simulations 

Simulations  would  play  a  key  role  in  all 
phases  of  a  BMD  system’s  life  cyde.  The  SDIO 
is  building  a  National  Test  Bed  (NTB)  to  fa¬ 
cilitate  the  development  and  use  of  BMD  simu¬ 
lation  technology.  A  full-scale  NTB  should  per¬ 
mit  experimentation  with  di^erent  system  and 
battle  management  architectures,  different 
battle  management  strategies,  and  different 
implementations  of  architectxu'es.  It  would  be 
the  principal  means  of  testing  and  predicting 
component,  subsystem,  and  system  reliability. 
Initially,  the  NTB  would  be  a  link  among  com¬ 
puters,  each  simulatLig  a  different  aspect  of 
a  BMD  engagement.  The  number  of  computers 
linked  for  any  particjldf  engagement  would 
vary  with  the  completeness  and  depth  of  de¬ 
tail  required.  Initial  capabUities  would  not  per¬ 
mit  simulation  of  a  full  battle  invohing  hun¬ 
dreds  of  thousands  of  objects.  Battle 
simulations  on  a  scale  needed  to  represent  a  fall 
battle  realistically  have  not  been  previously  at¬ 
tempted.  It  would  be  crucial,  but  very  difficult, 
to  find  a  way  of  verifying  the  accuracy  of  such 
simulations,  when  and  if  they  are  developed. 

Technology  and  ALrchitectural 
Trade-offs 

Many  difficult  trade-offs  have  yet  to  be  ade¬ 
quately  addressed  in  the  design  of  a  BMD  sys¬ 
tem  to  meet  SDI  requirements.  Novel  design 
ideas  or  advances  in  computing  technology 
may  decrease  the  importance  of  some  of  these 
trade-offs.  However,  no  architecture  has  yet 
been  specified  sufficiently  to  permit  clear  trade¬ 
off  studies.  Issues  that  should  be  addressed 
include: 

•  simplifying  software  at  the  cost  of  add¬ 
ing  computational  burden  to  the 
hardware. 


•  simplifying  battle  management  software 
by  structuring  it  hierarchically  at  the  ex¬ 
pense  of  survivability, 

•  increasing  survivability  by  decentralmng 
battle  management  at  the  urpense  of  in¬ 
creasing  communications  complexity, 

•  customizing  hardware  for  specific  appli¬ 
cations  at  the  expense  of  increased  soft¬ 
ware  development  cost  and  decreased  soft¬ 
ware  reliability, 

•  simplifying  the  problem  of  commiinica- 
tions  security  at  the  cost  of  decreasing  the 
possibilities  for  human  intervention  dur¬ 
ing  battle, 

•  increasing  the  amount  of  human  control 
during  battle  at  the  expense  of  fighting 
efficiency,  and 

•  improving  fighting  efficiency  at  the  cost 
of  increasing  the  complexity  and  volume 
of  communications  (and,  thereby,  the  risk 
of  catastropliic  communications  failure). 

None  of  these  trade-offs  is  easy  to  make  and 
few  can  be  quantified.  Compounding  the  diffi¬ 
culty  is  that  many  of  the  system  elements— 
e.g.,  the  Boost-phase  Surveillance  and  Track¬ 
ing  System  and  Space  Surveillance  and  Track¬ 
ing  System  sensors,  SBIs  and  associated  CVs, 
high-powered  lasers,  and  neutral  particle 
branis— are  still  in  the  research  or  development 
stages.  Moreover,  no  previous  system  has  ever 
required  the  automated  handling  of  many 
different  devices  and  different  kinds  of  devices 
as  would  an  SDI  missile  defense.  Nonetheless, 
tentative  conclusions  on  some  trade-offs  have 
been  reached.  Most  trade-offs  could  be  prop¬ 
erly  explored  by  use  of  an  appropriate  simula¬ 
tion,  such  as  might  be  provided  by  a  full-scale 
National  Test  Bed. 

Computational  Requirements 

Processing  requirements  are  highly  depen¬ 
dent  on  the  system  design,  the  battle  manage¬ 
ment  architectures,  and  the  threat.  Because 
detailed  architectiu-al  and  algorithmic  speci¬ 
fications  for  an  SDI  BMD  system  are  not  yet 
available,  estimates  of  speed  and  memory  re¬ 
quirements  accurate  to  letter  than  a  factor  of 
10  probably  cannot  be  made.  However,  prog- 
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ress  in  procsssing  speed  has  been  rapid  his¬ 
torically.  If  it  continues  at  the  same  pace,  it 
should  yield  sufficiently  powerful  processors 
to  meet  SDI  needs  wi*^hin  10  years  or  less.  Such 
processors  might  still  have  to  be  space  qual¬ 
ified  and  radiation  hardened. 

An  additional  problem  in  providing  radia¬ 
tion-hardened  computing  hardware  is  the  lack 


of  experience  in  building  software  tolerant  of 
radiation-induced  faults.  There  is  little  experi¬ 
ence  with  complex,  large-scale  software  sys¬ 
tems  that  must  operate  efficiently  despite  the 
occurrence  of  radiation-induced  transient  ef¬ 
fects  in  the  hardware. 
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Chapter  9 

Software 

? 

I 

t  INTRODUCTION 


The  performance  cf  a  ballistic  missile  defense 
(BMD)  system  would  strongly  depend  on  the 
i  performance  of  its  computers.  Chapter  8  de- 
\  scribes  the  pervasiveness  of  computers  in  the 
‘  operation  of  a  BMD  system,  and  as  well  as  in 
'  its  development,  testing,  and  maintenance.'  Se- 
i  qaences  of  instructions  called  software  would 
I  direct  the  actions  of  the  computers,  both  in 
t  peacetime  and  ir.  battle.  As  shown  in  table  8* 

!  1 ,  software  is  responsible  both  for  the  actions 

of  individual  components  of  the  system  (e.g., 
a  radar),  and  for  coordinating  the  actions  of 
*  the  system  as  a  whole.  As  coordinator,  soft* 
i  ware  maybe  thought  of  as  the  glue  that  binds 

I  the  system  together.  As  the  system  manager, 

software  assesses  the  situation  based  on  data 
gathered  by  sensors  and  reports  from  system 
components,  determines  battle  strategy  and 
tactics,  and  allocates  resources  to  tasks  (e.g., 
the  weapons  to  be  fired  at  targets.) 

The  role  of  software  as  battle  manager  is  cru¬ 
cial  to  the  success  of  a  BMD  system.  If  soft¬ 
ware  in  a  particular  component  failed— even 
if  the  failure  occurred  in  all  components  of  the 
same  type  simultaneously — other  components 
of  different  types  might  compensate.  But  if  the 
battle  management  software  failed  catas¬ 
trophically,  there  would  be  no  way  to  compen¬ 
sate.  Furthermore,  the  tattle  management 
software  may  expected  to  comi^nsate  for  sys¬ 
temic  failures,  both  because  of  its  role  as  man¬ 
ager  and  because  soft'''are  is  perceived  to  be 
more  flexible  than  haruware.  Consequently,  the 
battle  management  software  would  have  to  be 
the  mo*>t  dependable  kind.  Thus  it  is  the  focus 
of  most  of  the  SDI  software  debate. 


'Table  8-1  illustrates  many  of  the  ways  in  which  computers 
wouJd  be  used  in  a  deployed  BMD  system. 

Note:  Complete  deGnitions  of  acronyms  and  initialisms 
are  Ust^  in  Appendix  B  of  this  report. 


The  BMD  Software  Debate 

The  envisaged  BMD  system  would  be  com¬ 
plex  and  large,  would  have  to  satisfy  unique 
requirements,  and  would  have  to  work  the  first 
time  it  is  used  in  battle.  Many  computer  sci¬ 
entists,  and  software  engineers  in  particular, 
have  declared  themselves  unwilling  to  try  to 
build  trustworthy  softwh.^  for  such  a  system. 
They  claim  that  past  experience  combing  with 
the  nature  of  software  and  the  software  devel¬ 
opment  process  makes  the  SDI  task  infeasi¬ 
ble.  David  Pamas  has  sxunmarized  their  ma¬ 
jor  arguments.*  Other  computer  scientists, 
however,  have  statrxi  that  their  belief  that  the 
software  needed  for  a  Strategic  Defense  Ini¬ 
tiative  (SDI)  BMD  could  be  built  with  today’s 
software  engineering  technology.  Frederick 
Brooks,  for  example,  has  said: 

I  see  no  reason  why  we  could  not  build  the 
kind  of  software  system  that  SDI  requires 
with  the  software  engineering  technology 
that  we  have  today.' 

Those  willing  to  proceed  believe  that  an 
aq;>propriate  system  architecture  and  heavy  use 
of  simulations  would  make  the  task  tractable. 
TTieir  arguments  are  summarized  in  a  .study 
prepared  for  che  Strategic  Defense  Initiative 
Organization  (SDIO)  by  a  ^oup  known  as  The 
Eastport  Group.'  The  critical  role  played  by 
the  software  in  BMD  makes  it  important  to 
understand  both  positions. 


•David  L.  Parnas,  “Software  Aspects  of  Strategic  Defense 
Systems,*’  American  Scientist,  73:432-40,  September-October 
1985.  j 

•From  a  statement  by  Dr  Frederick  P.  Brooks  at  the  Hear- 
ings  before  the  Subcommittee  On  Strategic  and  Theater  Nu-  j  \ 

Foioes  of  the  Committee  On  Armed  Seivioes,  United  States 
Senate.  S.  Hrg.  99-933,  p.  54. 

^Eastport  Study  Group.  “A  Report  to  the  Director,  Strate¬ 
gic  Defense  Initiative  Organization.'’  1986. 
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The  Role  of  Software  in  BMD 
Software  for  BMD  would  be  expected  to: 

•  be  the  agent  of  system  evolution,  permit* 
ting  changes  in  system  operation  through 
reprogramming  of  existing  computers: 

•  perform  the  most  complex  tasks  in  the 
system,  such  as  battle  management; 

•  be  responsible  for  recovery  from  failures, 
whether  they  are  hardware  or  software 
failures;  and  , 

•  respond  to  threats,  both  anticipated  and 
unantidpated,  against  the  system. 

A  BMD  system  would  not  be  trustworthy 
and  reliable  unless  both  hardware  and  software 
were  trustworthy  and  reliable.  Because  of  rapid 
progress  in  hardware  technology  in  recent 
years,  and  because  of  differences  in  their  na¬ 
tures,  hardware  reliability  is  not  as  hotly- 
debated  an  issue  as  software  reliability.  As 
Brooks  puts  it  in  his  discussion  of  current  soft¬ 
ware  engineering  technology: 

Not  only  are  there  no  silver  bullets  now  in 
view,  the  very  nature  of  software  makes  it  un¬ 
likely  that  there  will  be  any— no  inventions 
that  will  do  for  software  productivity,  relia¬ 
bility,  and  simplicity  what  electronics,  tran¬ 
sistors,  and  large-scale  integration  did  for  com¬ 
puter  hardware.  We  cannot  expect  ever  to  see 
twofold  gains  every  two  years. 

First,  one  must  observe  that  the  anomaly 
is  not  that  software  progress  is  so  slow,  but 
that  computer  hardware  progress  is  so  fast. 
No  other  technology  since  civilization  began 
has  seen  six  orders  of  magnitude  in  perform¬ 
ance-price  gain  in  30  years.' 

Software  Complexity 

The  software  engineer  called  upon  to  produce 
large,  complex  software  systems  is  partly  a  vic¬ 
tim  of  his  medium.  Software  is  inherently  flex¬ 
ible.  There  are  no  obvious  physical  constraints 
on  its  design  (e.g.,  power,  weight,  or  number 
of  parts)  so  software  engineers  undertake  tasks 
of  complexity  that  no  hardware  engineer 


‘Frederick  P.  Brooks,  Jr..  **No  Silver  Bullet,  Essence  and  Ac¬ 
cidents  of  Software  Engineering,'*  IEEE  Computer  vol.  20,  No. 
4.  April  1987,  p.  10. 


would.  Brooks  summarizes  the  situation  as 
follows: 

Software  entities  are  more  complex  for  their 
size  then  perhaps  any  other  human  construct 
because  no  two  parts  are  alike ...  In  this  re¬ 
spect,  software  systems  differ  profoundly 
from  computers,  buildings,  or  automobiles, 
where  repeated  elements  abound. 

Digital  computers  are  themselves  more  com¬ 
plex  than  most  things  people  buUd:  They  have 
very  large  numbers  of  states.  This  makes  con¬ 
ceiving,  describing,  and  testing  them  hard. 
Software  systems  have  orders-of-magnitude 
more  states  than  computers  do.* 

Software  Issues 

Of  course,  complex  systems  are  successfully 
built  and  used.  However,  given  the  current 
state  of  the  art  in  software  engineering,  com¬ 
plex  systems  are  not  trusted  to  be  reasonably 
free  of  catastrophic  failures  before  a  period  of 
extensive  use.  Diuing  that  period,  errors  caus¬ 
ing  such  failures  may  be  found  and  corrected. 
A  central  issue  in  the  debate  over  BMD  soft¬ 
ware  is  whether  it  can  be  produced  so  that  it 
can  be  trusted  to  work  properly  the  first  time 
it  is  used,  despite  the  probable  presence  of  er¬ 
rors  that  might  cause  catastrophic  failures.  A 
critical  point  in  the  debate  over  this  issue  is 
how  one  would  judge  whether  or  not  the  soft¬ 
ware  was  trustworthy.  If  evaluations  of  trust¬ 
worthiness  were  to  rely  on  the  results  of  simu¬ 
lations  of  battles,  then  a  second  critical  point 
is  how  closely  and  accurately  actual  BMD  bat¬ 
tles  could  be  simulated. 

A  second  central  issue  in  the  software  de¬ 
bate  is  whether  a  BMD  system  impose  unique 
requirements  on  software.  Critied  points  sur- 
roundmg  this  issue  are: 

•  whether  there  are  existing  similar  systems 
that  could  serve  as  models  for  the  devel¬ 
opment  of  BMD  software; 

•  whether  requirements  would  be  suffi¬ 
ciently  well  understood  in  advance  of  use 
so  that  trustworthy  software  could  be  de¬ 
signed; 


•Ibid. 
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•  whether  all  potential  threats  against  a 
BMD  system  could  be  anticipate,  and. 
if  not;  and 

•  whether  the  software  could  be  designed 
to  handle  unanticipated  threats  during  the 
course  of  a  battle. 

Adding  fuel  to  the  debate  over  whether  soft¬ 
ware  could  mep»  BMD  requirements  is  the  slow 
progress  in  sc'  tware  technology  in  recent  years 
when  compared  to  hardware  technology. 

An  obstacle  to  settling  this  issue  is  the  cur¬ 
rent  uncertainty  over  the  purposes  of  a  BMD 
system.  Software  requirements  would  depend 
on  the  threat  and  countermeasures  to  be  faced, 
the  expected  strategies  of  both  the  offense  and 
the  defense;  and  the  technology  to  be  used  in 
the  system,  e.g.,  kinetic-energy  v.  directed- 
energy  weapons.  A  system  intended  to  defend 
the  population  would  have  different  require¬ 
ments  than  one  intended  to  defend  only  criti¬ 
cal  military  targets.  A  system  to  be  deployed 
in  phases  would  oblige  the  software  developers 
to  know  the  changes  in  requirements  and  archi¬ 
tecture  to  be  expected  between  each  phase  be¬ 
fore  they  designed  the  software  for  the  initial 
phase. 

Among  the  developers  of  large,  complex  sys¬ 
tems  who  attended  OTA’s  workshop  on  SDI 
software,  there  was  unanimous  agreement  that 
software  development  should  not  be  started 
until  there  was  a  clear  statement  of  the  require¬ 
ments  of  the  system.'  All  system  requirements 
would  not  have  to  be  known  in  detail  before 
software  development  could  be  started.  But 
if  the  requirements  for  a  system  component 
could  not  bo  written,  neither  could  the  speci¬ 
fications  for  the  software  that  was  part  of  that 
component. 

Catastrophic  Failure 

Both  critics  and  supporters  of  the  feasibil¬ 
ity  of  building  software  to  meet  SDI  require¬ 
ments  agree  that  large,  complex  software  sys- 


^Attendees  at  the  workshop,  held  Jan.  8.  1987  in  Washing* 
ton.  DC.  included  software  developers  who  participated  in  the 
development  of  SAFEGUARD,  Site  Defense,  telephone  switch* 
ing  systems,  digital  communications  networks,  Ada  compilers, 
and  operating  systems. 


terns,  such  as  an  SDI  BMD  system  would  need, 
would  contain  errors.  They  disagree  on  whether 
the  software  (xmld  be  produced  so  that  it  would 
not  fail  catastrophically.  Several  different 
meanings  of  catastropMc  failure  have  been 
used.  It  is  sometimes  related  t  j  whether  or  not 
a  BMD  system  would  deter  the  Soviets  fi'om 
launching  ICBMs  at  the  United  States: 

Ballistic  missile  defense  must ...  be  credi¬ 
ble  enough  in  its  projected  wartime  perform¬ 
ance  during  peacetime  operations  and  testing 
to  ensure  that  it  would  never  be  attacked.* 

It  can  also  be  taken  to  mean  that 

The  system  has  failed  catastrophically  if  the 
U.S.  bases  its  defense  on  the  assumption  that 
the  system  will  function  effectively  in  battle 
and  then  a  major  flaw  is  discovert  so  that 
we  are  defenseless.* 

This  chapter  assumes  a  technical  definition: 
a  catastrophic  failure  is  a  decline  in  system  per¬ 
formance  to  10  percent  or  less  of  expected  per¬ 
formance.  A  BMD  system  desi^^ed  to  destroy 
10,000  warheads  would  be  considered  to  have 
failed  catastrophically  if  it  stopped  only  1,000 
of  the  10,000.  llie  figure  10  percent  is  an  arbi¬ 
trary  one;  it  has  been  adopted  as  iUustrative 
of  a  worst-case  failure. 

Generic  Software  Issues 

Much  of  the  debate  concerning  BMD  soft¬ 
ware  is  about  software  problems  common  to 
all  complex,  criti.'*al  software  ^sterns.'*  A  good 
example  is  whether  software  can  be  designed 
to  recover  from  failures  automatically.  BMD 
proponents  argue  that  producing  trustworthy 
BMD  software  would  not  call  for  general  so¬ 
lutions  to  such  problems.  They  feel  that  the 
specificity  of  the  application  permits  special- 
case  solutions  that  would  work  well  enough 
for  BMD.  Opponents  argue  that  BMD  soft¬ 
ware  would  demand  better  solutions  for  such 
problems  as  failure-recovery  than  any  system 


*Charles  A.  Zraket,  **URC«tainUes  in  Building  a  Strategic 
Defenae.**  Science  235:1600>1606.  March  1987. 

*David  L.  Pamas.  personal  communication,  1987. 

'*A8  described,  for  example,  in  David  L.  Pamas.  **Software 
Aspects  of  Strategic  Defense  Systems,*'  op.  dt,  footnote  2. 
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previously  built.  They  say  that  approaches  pro¬ 
posed  for  SDI  have  been  tried  in  the  past  and 
have  not  been  shc\«a  to  be  effective. 

This  chanter  is  primarily  concerned  with 
arpuments  over  the  generic  issues.  First,  there 
are  as  yet  no  clear  statements  of  BMD  soft¬ 
ware  requirements,  wheth*  *  for  battle  manage¬ 
ment  or  particular  BMD  ystem  components, 
lit  alone  proposed  soft  v,  are  designs  or  pro¬ 
posed  solutions  for  BMD  for  any  of  the  generic 
problems.  Application  specific  analysis  must 
await  those  requirements,  designs,  and  so¬ 
lutions. 

Second,  there  seems  to  be  agreement  that 
BMD  software  would  be  more  complex  than 
any  previously  built.  The  first  condusion  of 
volume  V  of  the  Fletchd*  report  was: 

Sj^fying,  generating,  testing,  and  main¬ 
taining  the  software  for  a  battle  management 
system  will  be  a  task  that  far  exceeds  in  com¬ 
plexity  and  difficulty  any  that  has  yet  been 
accomplished  in  the  production  of  or  mil¬ 
itary  software  systems." 

Third,  tasks  for  BMD  software  differ  in  im¬ 
portant  ways  from  the  tasks  performed  in  to¬ 
day's  weapons  systems  and  command,  control, 
and  C(>mmunications  systems.  It  is  true  that 
many  BMD  software  tasks  would  resemble 
those  for  current  systems:  e.g.,  target  track¬ 
ing,  weapons  release  and  guidance,  situation 
assessment,  and  communications  control  in 
real  time.  The  diffaences  from  current  qrstems 
are  that  a  BMD  system  would: 

•  permit  less  opportunity  for  human  inter¬ 
vention, 

•  have  to  handle  more  objects  in  its  battle 
space. 

•  have  to  manage  c  larger  battle  space, 

•  use  different  weapons  and  sensor  tech¬ 
nology, 

•  contain  vastly  more  elements, 

•  have  more  serious  consequences  of  failure. 


"James  C.  Fleteher.  Study  Chairman  and  Brock  way  McMil* 
Ian.  Panel  Chairman.  Repurt  of  the  Study  on  EliminMtthg  the 
Threet  Pooed  by  NudeMr  BMlIisUe  MisaJes,  Voluiae  V:  BatUe 
ManagemenU  CommunicMtiona,  and  Data  PtooeaaiDg  (Wash* 
ington.  DC:  Department  of  Defense.  Defensive  Technologies 
Study  Teaxn,  October  19831. 


•  have  to  operate  in  a  nuclear  environment, 

•  be  under  active  attack  by  the  enemy,  and 

•  be  useless  if  i^  failed  catastrophically  dur¬ 
ing  its  first  battle. 

Accordingly,  the  debate  over  generic  soft¬ 
ware  issues  is  an  appropriate  one  for  BMD 
software. 

The  purpose  of  this  chapter  is  to  examine 
the  key  issues  in  the  debate  over  the  feasibil¬ 
ity  of  meeting  BMD  software  requirements. 
This  chapter: 

1.  discusses  why  there  is  such  a  debate  and 
includes  a  definition  of  key  terms,  such 
as  “catastrophic  failure”  and  “trustwor¬ 
thiness”: 

2.  analyzes  properties  oft«)  claimed  to  be  im¬ 
portant  for  BMD  software— e.g.,  trust- 
worthines.*],  reliability,  correctness,  low  er- 
ru-  incidence,  fault  tolerance,  security,  and 
safety,  (including  a  discussion  of  the  mean¬ 
ing  of  “reliability”  as  applied  to  software 
and  why  there  is  no  single,  simple  meas¬ 
ure  of  software  dependability); 

3.  identifies  the  major  factors  that  affect 
software  dependability;  and 

4.  characterize  the  demands  placed  on  BMD 
software  and  the  BMD  software  develop¬ 
ment  process  in  terms  of  the  factors  affect¬ 
ing  dependability. 

The  remainder  of  this  chapter  begins  with 
a  brief  discussion  of  Department  of  Defense 
(DoD)  software  experience,  the  nature  of  soft¬ 
ware,  traditional  reliability  measures,  and  the 
pitfalls  inherent  in  applying  such  measures  to 
software.  Following  'octions  deal  with  pr(^ 
erties  such  as  trustworthiness,  correctness, 
fault  tolerance,  security,  and  safety,  and  with 
the  factors  that  lead  people  to  have  confidence 
that  systems  have  such  propertiM.  (The  avail¬ 
able  technology  for  incorporating  these  prop¬ 
erties  into  software  is  anedyzed  in  app.  A.)  The 
chapter  then  presents  an  analysis  of  Strate¬ 
gic  Defense  Initiative  BMD  requirements  fit>m 
the  viewpoint  of  those  factors.  The  cluqpter  con¬ 
cludes  with:  a  discussion  of  why  BMD  soft¬ 
ware  development  is  a  difficult  job— perhaps 
uniquely  so;  why  we  are  unlikely  to  have  more 
than  a  subjective  judgment  of  how  trustwor- 
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thy  the  software  is,  once  produced;  and  a  sum¬ 
mary  of  the  key  software  issues. 

The  Software  Crisis 

Since  the  mid-1970s  DoD  ofHcials  have  in- 
crea.singly  recognized  the  difficulties  in  pro¬ 
ducing  command,  control,  and  information 
processing  software  for  weapon  systems.'*  As 
Ronald  Enfield  says: 

In  the  1970s,  the  world's  largest  customer 
for  computers— the  U.S.  Department  of  De¬ 
fense-changed  its  focus  from  hardware  to 
software  as  a  major  obstacle  to  progress  in  de¬ 
veloping  sdvanc^  weaiMms.  Reliable  software 
is  alM  a  crucial  component  of  complex  systems 
such  as  nuclear  powtr  plants,  automatic  tell¬ 
ers,  and  many  othnr  t^  hnologies  that  touch 
our  lives  in  critical  ways.  Yet,  as  the  software 
for  these  systems  has  grov^n  increasingly  com¬ 
plicated,  it  has  become  more  prone  to  error.” 

The  complex  of  problems  associated  with 
trying  to  pi^uce  software  that  operated  prop¬ 
erly,  on  time,  within  budget,  and  maintaina- 
bly  over  its  lifetime  was  dubbed  “the  software 
crisis.”  DoD  has  found  that  the  software  crisis 
is  sometimes  forcing  the  military  to  wait  for 
software  to  be  debugged  before  it  can  use  new 
systems.  Progress  in  alleviating  this  crisis  has 
b^n  slow,  and  the  same  problems  wotild  ap¬ 
ply  to  producing  software  for  BMD.  Both  the 
Fletcher  and  Eastport  Group  reports  agreed 
that  software  development  for  BMD  would  be 
a  difficrilt,  if  not  the  most  difficult,  problem 
in  BMD  development.  The  Eastport  Group 
noted  that: 

Software  technology  is  developing  against 
inflexible  limits  in  the  complexity  and  relia¬ 
bility  that  can  be  achieved.'* 

To  understand  why  DoD  and  other  devel¬ 
opers  of  large,  complex  software  systems  have 
bi^n  experiencing  a  software  crisis,  it  is  first 


'’An  early  analysis  of  the  problem  can  be  found  in  Donald 
W.  Rosy.  “Air  Force  Command  and  Control  Information  Proc¬ 
essing  Requirements  in  the  1980s:  Trends  in  Software  Tech- 
Dology.*'  Rand  Report  R-1012-PR,  June  1974. 

‘^Ronald  L.  Enfield,  “The  UmiU  of  Software  Reliability/* 
Technology  Review,  April  1987. 

•"Eaatport  Study  Group  Report,  op.  dt.,  footnote  4. 


necessary  to  imderstand  the  nature  of  software 
and  the  demands  made  on  it. 

The  Nature  of  Software 

Digital  computers  are  among  our  most  flex¬ 
ible  tools  because  the  tasks  they  do  can  be 
changed  by  changing  the  sequences  of  instruc¬ 
tions  that  direct  them.  Such  instruction  se¬ 
quences  are  called  programs,  or  software  and 
are  stored  in  the  computer’s  memory.  Flexi¬ 
bility  is  attained  by  loading  dirierent  programs 
into  the  memory  at  different  times.”  Each 
make  and  model  of  computer  has  a  unique  set 
of  instructions  in  which  it  must  be  pro¬ 
grammed,  generically  known  as  machine  in¬ 
structions  or  machine  language. 

To  simplify  their  job,  programmers  have  de- 
velo|}ed  languages  that  are  easier  to  use  than 
machine  language.  These  languages,  such  as 
FORTRAN,  COBOL,  and  Ada,  are  known  as 
iugh  level  languages,  and  require  the  program¬ 
mer  to  know  less  about  how  a  partic^ar  com¬ 
puter  works  than  do  machine  languages.  The 
language  iu  which  a  program  is  written  is 
known  as  the  source  language  for  the  program, 
and  the  text  of  the  program  is  called  the  source 
program  or  source  code.'*  A  program  whose 
source  language  is  a  high  level  language  must 
be  transla^  into  macl^e  language  before  be¬ 
ing  loaded  into  the  computer’s  memoiy  for  exe¬ 
cution.  Some  lines  of  text  in  a  source  program 
may  be  translated  into  many  machine  instruc¬ 
tions,  some  into  just  a  few. 

There  are  several  measures  of  program  size. 
One  measure  is  the  munber  of  lines  in  the  text 
of  the  source  program,  also  known  as  lines  of 
source  code  (LOC),  or  number  of  machine  lan¬ 
guage  instructions.  Size  is  greatly  variable:  a 
simple  program  to  add  a  list  of  numbers  may 
require  10  or  fewer  instructions,  while  a  word 


protect  them  from  change,  md  to  enhance  their  perform¬ 
ance.  9ome  programs  are  loaded  into  memories  that  are  either 
unchangeable  or  that  must  be  removed  from  the  computer  to 
be  changed.  However,  most  of  the  memory  in  nearly  ail  com¬ 
puter  systems  is  of  a  type  that  ia  rdoadable  while  the  computer 
is  running. 

**lnstructions  and  data  are  encoded  into  a  computer*8  mem¬ 
ory  as  numbers,  and  programs  are  sometimes  known  as  codes. 


processing  program  may  take  10,000  LOG  (10 
KLOC).  The  Navy’s  AEGIS  ship  combat  soft¬ 
ware  consists  of  approximately  2  million  in¬ 
structions. 

Size  alone  is  not  a  good  measure  of  program 
difficulty.  Large  programs  can  be  simple,  small 
ones  very  complex.  The  size  of  a  program  is 
influence  by  the  language,  computer,  pro¬ 
grammer’s  expertise,  and  other  factors.  A  more 
important  question  is,  “How  complex  is  the 
problem  to  be  solved  by  the  program  and  the 
algorithms  used  to  solve  it?’’”  Compounding 
the  problem  is  the  lack  of  a  standard  method 
for  measuring  complexity. 

Failures  and  Elrrors  in 
Computer  Programs 

Since  a  computer  can  only  execute  the  in¬ 
structions  that  are  stored  in  its  memory,  those 
instructions  must  be  adequate  for  all  situations 
that  may  arise  during  their  execution.'*  Incor¬ 
rect  performance  by  a  computer  program  dur¬ 
ing  its  operation  is  known  as  a  faOure.  Failures 
in  computer  programs  result  from: 

•  the  occurrence  of  situations  unforeseen  by 
the  computer  programmer(s)  who  wrote 
the  instructions, 

•  a  misunderstanding  by  the  programmeifs) 
of  the  problem  to  be  solved  (including  mis- 
unders  landings  among  a  group  of  pro¬ 
grammers),  or 

•  a  mistake  in  expressing  the  solution  to  the 
problem  as  a  computer  program. 

Each  of  these  situations  can  cause  errors  in 
the  instructions  making  up  computer  pro¬ 
grams,  errors  manifesced  as  failures  when  par¬ 
ticular  inputs  ocoir.'*  The  effects  of  errors  in 


'*See  chapter  8  for  a  discussion  of  algorithir* 

"Some  programs,  known  as  self-modifying  pi  ograms,  add  to 
or  modify  their  own  instruction  sequences  and  then  execute  the 
resulting  instructions.  Nonetheless,  the  response  of  the  program 
to  input  data  is  completely  determined  by  the  instructions  that 
are  initially  stored  in  its  memory. 

"Errors  in  programs  are  often  called  bugs,  although  the  term 
originally  meant  any  cause  of  incorrect  behavior.  Tlie  origin  of 
the  term  is  described  in  John  Shore,  TTie  Sadiertorte  Algorithm, 
(New  York,  NY:  Penguin  Books,  1986). 


programs  range  from  minor  inconveniences 
(e.g.,  misspeU^  words  in  the  program’s  out¬ 
put)  to  catastrophic  failures— e.g.,  the  cessa¬ 
tion  of  aU  processing  by  the  computer,  wrong 
answers  to  problems  like  computing  missile 
tracks,  or  overdoses  of  radiation  to  devices  con¬ 
trolled  by  the  computer.**  *' 

Tolerating  Errors 

Errors  in  large  computer  programs  are  the 
rule  rather  than  the  exception.  Freedom  from 
errors  cannot  be  guaranteed  and  is  extremely 
rare.  Since  correcting  an  error  requires  chang¬ 
ing  the  list  of  instructions  that  make  up  the 
program,  the  process  of  removing  an  error  may, 
and  often  does,  introduce  a  new  error.  For  large 
software,  the  process  of  correcting  errors  is  so 
time  consuming  and  expensive  that  modifica¬ 
tions  to  the  software  are  distributed  only  a  few 
times  a  year.  As  a  result,  lists  of  known  errors 
are  often  published  and  distributed  to  users.** 
Where  there  is  a  high  degree  of  human  inter¬ 
action  with  the  program  during  its  operation, 
the  human  user  can  usually  circumvent  situa¬ 
tions  where  the  program  is  known  to  fail— ofteu 
by  restricting  the  data  input  to  the  program 
or  by  not  using  features  of  the  program  known 
to  be  failure-prone. 

The  more  cntical  the  taskis)  of  the  program 
and  the  smaller  the  degree  of  human  interven¬ 
tion  in  the  program’s  operation,  the  smaller 
the  tolerance  for  errors.  Accordingly,  large, 
critical  programs  commonly  indude  con¬ 
sistency  checks  whose  goal  is  to  try  to  detect 
failures,  prevent  them  when  possible,  and  re¬ 
cover  from  them  when  not.  ’This  approach  is 


”*For  a  sample  of  the  variety  of  problems  invdving  computers 
and  software,  see  ACM  SIG^FT  Software  EogineeriDg  Notes 
ll(5):3-35,  October  1986. 

*'1113  occurrence  of  a  failure  condition  is  sometimes  known 
as  an  incident.  The  software  may  contain  instructions  that  per¬ 
mit  it  to  recover  from  such  an  incident.  If  the  software  success¬ 
fully  corrects  the  condition,  it  remains  no  more  than  an  inci¬ 
dent.  Successful  recovery  from  incidents  requires  good 
understanding  of  their  causes  rad  corrections,  and  requires  that 
not  too  many  occur  at  once. 

‘‘Manual  pages  describing  programs  used  with  the  UNIX  oper 
ating  system,  developed  and  sold  by  AT&T  Bell  Laboratories 
and  e  currently  popular  operating  system,  contain  as  standard 
sections  a  description  of  the  known  bugs  in  the  programs. 
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discussed  in  more  detail  in  a  later  section  on 
fault  tolerance. 

Tolerating  Change 

As  previously  noted,  change  is  both  the 
blessing  and  the  curse  of  the  software  engineer. 
Software  is  expected  to  be  flexible,  and  his  de¬ 
signs  must  accommodate  change.  Without  its 
flexibility,  software  would  be  as  useful.  Al¬ 
though  software  does  not  wear  out  in  the  sense 
that  hardware  does,  complex  software  systems 
apparently  tolerate  only  a  certain  amount  of 
change.  The  critical  point  occurs  when  changes 
intri^uce  more  errors  than  they  fix,  i.e.,  each 
diange,  on  the  average,  introduces  more  errors 
than  it  removes.”  It  appears  likely  that  increas¬ 
ing  the  rate  of  change  decreases  the  time  to 
reach  the  critical  point.  Brooks  devotes  a  chap¬ 
ter  to  a  discussion  of  the  effects  of  changes 
in  complex  systems,  concluding  with: 

Program  maintenance  is  an  entropy-increas¬ 
ing  process,  and  even  its  most  skillful  execu¬ 
tion  only  delays  the  subsidence  of  the  system 
into  tmfixable  obsolescence.” 

Although  Brooks’s  discussion  is  more  than 
10  years  old,  it  is  still  valid.  Systems  that  tend 
to  very  long-lived,  e.g.,  20  years  old  or  more, 
tmdergo  complete  software  redevelopment 
every  few  years.  As  an  example,  the  Navy’s 
Naval  Tactical  Data  System,  first  built  in  the 
early  1960s,  has  undergone  at  least  five  major 
rewrites. 

Traditional  Reliability  Measures 

Reliability  is  one  measure  of  system  be¬ 
havior.  In  engineering,  reliability  is  often  ex¬ 
pressed  as  the  average  time  between  failures. 
For  inexpensive  consumer  items,  such  as  light 
bulbs,  it  is  defined  as  the  expected  lifetime  of 
the  item,  since  such  items  are  completely 
replaced  when  they  fail.  Complicated,  expen¬ 
sive  systems,  such  as  automobiles,  computer 


••M.  Lehman  and  L.  Belady,  ‘‘Programming  System  Dy¬ 
namics/*  ACM  SIGOPS  Third  Symposium  on  Opersting  Sys- 
tern  Principles,  October  1971. 

•‘Frederick  P.  Brooks,  Jr..  The  Mythical  Man-Month:  Essays 
on  Software  Engineering,  (New  York,  NY;  Addison-Wesley, 
1975). 


systems,  and  weapon  systems,  are  designed 
to  outlive  any  particular  component  by  allow¬ 
ing  repair  or  replacement  of  components  when 
they  fail.  Failure  of  a  windshield  wiper  blade 
only  requires  the  quick,  inexpensive  replace¬ 
ment  of  the  blade  by  another  that  meets  the 
same  specifications  as  the  failed  one. 

Reliability  of  complicated  systems  is  tradi¬ 
tionally  measured  in  mean  time  between  fail¬ 
ure  (MTBF),  or  an  equivalent  measure  such  as 
failure  rate.  MTBF  is  measured  by  counting 
failures  during  operation  and  then  ^viding  by 
the  length  of  the  obser/ation  period.  For  sys¬ 
tems  with  no  operational  history',  MTBF  must 
be  predicted  on  the  basis  of  estimates  of  the 
MTBF  of  each  cf  the  system’s  components. 
Usually  such  an  estimate  is  made  using  the 
assumption  that  component  failures  are  ran¬ 
dom,  statistically  independent  events.  With¬ 
out  such  an  assumption,  the  analysis  is  much 
more  difficult  and  often  impractical  for  com¬ 
plex  systems. 

Reliability  as  measured  by  MTBF  is  useful 
for  systems  with  the  following  characteristics: 

•  the  time  to  repair  the  system  is  unimpor¬ 
tant  to  the  user,  perhaps  because  a  tem¬ 
porary  replacement  is  available  or  the  user 
has  no  n^  of  the  system  for  a  while;  or 

•  the  time  to  r^air  the  system  is  important, 
but  can  be  kept  very  short  compared  to 
the  MTBF,  perhaps  by  keeping  a  stock 
of  replacement  parts  on  hand;  and 

•  there  are  no  failiues  so  serious  as  to  be 
unacceptable,  e.g.,  failures  that  could  re¬ 
sult  in  human  deaths. 

Traditional  Reliability  Measures 
Applied  to  Software 

The  concept  of  MTBF  has  historically  been 
of  limited  use  for  critical  software.  For  appli¬ 
cations  such  as  BMD,  repair  time  is  extremely 
important.  If  the  system,  or  parts  of  it,  were 
to  fail,  the  user  would  have  either  no  response 
or  a  weakened  response  to  an  ICBM  attack. 
Accordingly,  the  concept  of  MTBF  alone  is  not 
sufficient  to  judge  whether  or  not  the  system 
would  behave  as  desired.  Furthermore,  the 
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models  often  used  for  predicting  MTBF  are 
based  on  assumptions  that  are  invalid  for  soft¬ 
ware.  Many  m<^eb  assume  that  component 
failures  are  independent  and  that  they  are  ran¬ 
dom,  i.e.,  unrelated  to  system  inputs  and 
states.  Software  components  do  not  fail  ran¬ 
domly:  they  contain  errors  thac  cause  failures 
in  the  event  of  particular  inputs  and  particu¬ 
lar  states.  The  failure  of  one  component  often 
causes  others  to  fail  because  software  compo¬ 
nents  tend  to  be  closely  interrelated. 

^placing  a  software  component  by  a  copy 
of  itself  will  cause  exactly  the  same  failure  un¬ 
der  the  same  conditions  that  caused  the  origi¬ 
nal  to  fail.  Remedying  a  failure  consists  of  mod- 
iftdng  a  component  to  remove  an  error  in  its 
list  of  instructions,  not  replacing  a  failed  com¬ 
ponent  with  a  copy.  Once  modified,  the  com¬ 
ponent  can  no  longer  be  considered  to  be  the 
same  as  the  original,  and  previous  failure  data 
do  not  apply  to  it.  Finally,  a  failure  in  one  com¬ 


ponent  is  likely  to  lead  to  failures  in  others. 
Consequently,  a  stock  of  replacement  crmpo- 
nents  cannot  be  kept  on  hand  in  hopes  of  re¬ 
ducing  repair  time. 

Itegardless  of  whether  MTBF  were  used  to 
indicate  software  or  hardware  reliability  for 
a  BMD  system,  some  failures  would  be  clearly 
more  disastrous  than  others.  To  be  useful, 
MTBF  would  have  to  be  calculated  for  differ¬ 
ent  classes  of  failures. 

In  recent  work,  researchers  have  shown  that 
if  inputs  are  characterized  in  statistically 
sound  ways,  it  is  possible  in  testing  to  deter¬ 
mine  with  high  confidence  a  meaningful  MTBF 
for  a  program."  Nonetheless,  MTBF  remains 
inadequate  as  the  sole  means  of  characteriz¬ 
ing  software  dependability. 


“Allen  Currit,  Michael  Dyer,  and  Harlan  D.  Milia,  "Ctrtify- 
ing  the  Reliability  of  Software,"  IEE£  Timsaetkas  On  Soft¬ 
ware  Enginemug,  SE-12(1),  January  1986,  pp.  8-11. 


SOFTWARE  DEPENDABILITY 


Computer  scientists  and  software  users  have 
devised  a  variety  of  ways  to  evaluate  software 
dependability.  Ao  in  deciding  which  automo¬ 
bile  to  buy,  the  buyer’s  concerns  should  deter¬ 
mine  which  qualities  are  emphasized  in  the 
evaluation.  Qualities  commonly  considered  are: 

•  co/rectoess— whether  or  not  the  software 
satisfies  its  specification; 

•  trustwort/uness— probability  that  there 
are  no  errors  in  the  software  that  will  cause 
the  system  to  fail  catastrophically; 

•  fault  toferance— either  failure  prevention, 
i.e.,  capability  of  the  software  to  prevent 
a  failure  despite  the  occurrence  of  an  ab¬ 
normal  or  undesired  event— or  failure  re¬ 
covery,  i.e.,  capability  of  the  software  to 
recover  from  a  failure  when  one  occurs; 

•  ava£/abX£fty— probability  that  the  system 
will  be  available  for  use; 

•  secunty— resistance  of  the  software  to  un¬ 
authorized  use,  theft  of  data,  and  modifi¬ 
cation  of  programs; 

•  error  incidence— number  of  errors  in  the 


software,  normalized  to  some  measure  of 
size;  and 

•  safety— preservation  of  human  life  and 
property  under  specified  operating  con¬ 
ditions. 

For  critical  software,  correctness  and  trust¬ 
worthiness  are  important  indicators  of  depend¬ 
ability.  Fault  tolerance  assumes  importance 
when  the  system  must  continue  to  perform— 
as  in  the  midst  of  a  battle— even  if  perform¬ 
ance  degrades.  Security  is  important  when  val¬ 
uable  data  or  services  may  be  stolen,  damaged, 
or  used  in  unauthorized  ways.  Safety  is  impor¬ 
tant  in  applications  involving  risk  to  human 
life  or  property.  Error  incidence  is  important 
in  assessing  whether  or  not  a  piece  of  software 
should  stay  in  use. 

OTA’s  characterization  of  BMD  software  de¬ 
pendability  will  include  all  of  the  above-listed 
qualities  l^ause: 

•  national  survival  may  depend  on  the 
proper  operation  of  BMD  software; 
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•  such  software  would  have  to  be  trusted 
to  operate  well  during  the  enure  course 
of  a  battle;  and 

•  it  would  have  a  long  lifetime. 

Early  versions  of  a  BMD  system  may  not 
have  goals  as  ambitious  as  later,  more  capa¬ 
ble  versions.  Nevertheless,  we  still  would  want 
to  be  confident  that  the  software  would  oper¬ 
ate  well  during  the  course  of  a  battle,  would 
do  so  without  undue  pause  for  failure  recov¬ 
ery,  would  be  secure,  and  would  be  safe  to  oper¬ 
ate.  In  addition,  since  it  would  surely  undergo 
continual  modification  during  its  lifetime,  we 
would  need  to  be  sure  that  it  was  being  main¬ 
tained  without  repeated  introduction  of  new 
errors. 

Dependability  needs  to  be  attended  to  from 
the  beginning  of  software  development,  for  it 
is  not  easily  added  on  later.  Software  designs 
often  must  be  redone  after  system  delivery 
when  performance  has  been  emphasized  at  the 
cost  of  such  factors  as  correctness,  fault  toler¬ 
ance,  or  security.  The  cost  of  redoing  software 
may  greatly  exceed  the  original  cost.  Software 
designed  for  dependability  may  contain  mech¬ 
anisms  for  later  improving  its  correctness, 
trustworthiness,  fault  tolerance,  security,  and 
safet}'  later.  For  example,  fault  tolerance  was 
strongly  considered  in  the  design  of  the 
SAFEGUARD  software.  During  tests  of  the 
prototype  system  engineers  reaUzed  that  the 
wrong  set  of  faults  had  been  accommodated. 
Because  the  mechanism  for  detecting  and  re¬ 
sponding  to  faults  had  been  incorporated  into 
the  design,  the  set  of  faults  tolerated  by  the 
system  was  changed  in  a  matter  of  only  a  few 
weeks.  This  change  involved  perhaps  10  per¬ 
cent  of  the  lines  of  code  in  the  operational  soft¬ 
ware." 

Figures  of  Merit 

No  single  figure  of  merit  can  indicate  depend¬ 
ability.  Single  figures  of  merit  generally  focus 
on  some  single  characteristic,  such  as  the  cost 
to  discover  a  password  that  would  permit  en¬ 
try  to  a  computer  system.  Because  software 

“Vict^ VyssoUky.  personal  communication.  1987. 


engineering  is  a  young  discipline,  software 
engineers  do  not  yet  Imow  very  well  how  to 
evriuaU^  software  quantitatively.  And  beca^ 
information  permitting  numerical  evaluation 
of  software  is  usually  considered  proprietary, 
few  data  are  available  anyway  for  such  maly- 
sis.  Accordingly,  we  would  not  expect  a  use¬ 
ful  quantitative  evaluation  of  BMD  software 
dependability  to  be  available  for  many  years. 
Therefore,  only  a  brief  analysis  of  each  soft¬ 
ware  property  contributing  to  dependability 
follows. 

Trustworthiness  is  probably  the  most  impon 
tant  quality  for  BMD  software.  The  applica¬ 
tion  is  critical.  Software  engineers  are  unable 
to  produce  complex  software  that  is  correct 
and  error-free  at  the  current  state  of  the  art. 
Although  BMD  software  should  still  be  as 
nearly  correct,  highly  available,  error-free,  se¬ 
cure,  and  safe  to  use  as  possible,  we  must  above 
all  know  whether  or  not  it  could  be  trusted. 

Correctness 

Software  developers  work  from  specifica¬ 
tions,  both  written  and  verbal,  that  are  in¬ 
tend^  to  convey  the  desired  system  behavior. 
The  specifications  are  frequently  developed  by 
people  with  little  familiarity  with  software  e.g., 
a  Naval  officer  untrained  in  software  develop¬ 
ment  who  vrrites  specifications  for  a  ship’s 
combat  management  system.  “Correct”  soft¬ 
ware  exhibits  exactly  the  behavior  described 
by  its  specifications.  To  convince  himself  and 
his  customer  that  he  has  done  his  job,  the  soft¬ 
ware  developer  must  somehow  demonstrate 
that  his  software  is  correct. 

Mathematical  Correctness 

Because  no  single  technique  has  proved  com¬ 
pletely  effective  to  demonstrate  program  cor¬ 
rectness,  software  developers  use  a  variety  of 
techniques  try  to  demonstrate  that  their  soft¬ 
ware  adequately  approximates  its  specifica¬ 
tions.  Computer  scientists,  in  recognition  of 
the  problems  involved,  have  devot^  consid¬ 
erable  research  to  such  techniques.  They  have 
investigated  formal  and  informal,  mathemati¬ 
cal  and  non-matbematical  ideas.  Much  of  the 


i8search  attention  has  been  focused  on  devel¬ 
oping  “program  verification''— mathematical 
techniques  to  verify  that  a  computer  program 
is  correct  with  respec  t  to  properties  required 
of  it.  Some  progress  has  been  made  in  mathe¬ 
matically  proving  that  programs  are  correct. 
It  is  unlikely,  though,  that  a  sudden  break¬ 
through  will  occur  leading  to  order-of-ma^- 
tude  gains  in  productivity  and  greatly  im¬ 
proved  dependability.  Brooks  analyzed  this 
possibility: 

Can  both  productivity  and  product  reliabil¬ 
ity  be  radicfidly  enhanc^  by  following  the  pro¬ 
foundly  different  strategy  of  proving  designs 
correct  before  the  immense  effort  is  poured 
'  into  implementing  and  testing  them? 

I  do  not  believe  we  will  find  productivity 
magic  here.  Program  verification  is  a  very 
poTR'erful  concept,  and  it  wUl  be  very  impor¬ 
tant  for  such  things  as  secure  operating  sys¬ 
tem  kernels.  The  technology  does  not  prom¬ 
ise,  however,  to  save  labor.  Verifications  are 
so  much  work  that  only  a  few  substantial  pro¬ 
grams  have  ever  been  verified. 

Program  verification  does  not  mean  error- 
proof  programs.  There  is  no  magic  here,  either. 
Mathematical  proofs  can  also  be  faulty.  So 
whereas  verification  might  reduce  the  prog- 
r€un-testing  load,  it  cannot  eliminate  it. 

More  seriously,  even  perfect  program  veri¬ 
fication  can  only  establish  that  a  program 
meets  its  specification.  The  hardest  part  of  the 
software  task  is  arriving  at  a  complete  and 
consistent  specification,  and  much  of  the  es¬ 
sence  of  building  a  program  is  in  fact  the 
debugging  of  the  specification.*’ 

Although  mathematical  techniques  for  dem¬ 
onstrating  correctness  are  not  frequently  ap¬ 
plied,  other  techniques— such  as  design 
views,  code  reviews,  and  building  software  in 
small  increments— are.  The  one  technique  al¬ 
ways  used  by  software  developers,  however, 
is  testing. 

Testing 

Pi’ogram  developers  test  a  program  by  plac¬ 
ing  it  in  a  simulate  operating  environment.” 

*^Fredenck  P.  Brooks.  Jr..  “No  Silver  Bullet.  Essence  snd  Ac¬ 
cidents  of  Software  Engineering."  op.  dt..  footnote  5,  p.  16. 

“For  presentation  purposes,  the  discussion  of  testing  here 
is  simplified,  omitting,  e.g.,  component  testing.  Appendix  A 
contains  a  more  complete  discussion. 


The  simulation  supplies  inputs  to  the  program, 
and  the  testers  examine  its  output  for  fail¬ 
ures.**  They  report  any  failures  to  tiie  program¬ 
mers.  who  correct  the  relevant  errors  and  re¬ 
submit  the  program  for  testing.  The  sequence 
continues  until  the  developers  agree  that  the 
program  has  passed  the  test.  The  final  stage 
of  testing  developmental  software  for  large  and 
critical  systems,  especially  military  software, 
is  acceptance  testing.  A  previously  agreed- 
upon  test  is  run  to  show  that  the  software 
meets  criteria  that  make  it  acceptable  to  the 
user. 

It  has  been  shown  that  testing  of  every  pos¬ 
sible  state  of  the  program,  known  as  es^aus- 
tive  testing,  is  not  practical  even  for  simple 
programs.  To  illustrate  this  point,  John  Shore 
calculated  the  amotmt  of  time  reqt^ed  to  test 
the  addition  program  used  by  8  digit  calcula¬ 
tors  to  add  2  numbers.  He  estimated  that,  at 
the  rate  of  one  triad  per  second  it,  would  take 
about  1.3  billion  years  to  complete  an  exhaus¬ 
tive  test.** 

For  large,  complicated  programs,  the  num¬ 
ber  of  tests  that  can  be  run  practically  is  small 
compared  to  the  number  of  possible  tests. 
Therefore,  developers  apply  a  technique  called 
scenario  testing.  They  observe  the  program’s 
behavior  in  an  operational  scenario  that  the 
progi  am  would  typically  encounter.  They  may 
establish  the  scenario  by  simulat^  the  oper¬ 
ational  environment,  such  as  an  aircraft  flight 
simulator.  Alternatively,  they  may  place  the 
software  in  its  actual  environment  under  con¬ 
trolled  conditions.  For  example,  a  test  pilot 
may  put  an  aircraft  with  new  avionics  software 
through  a  series  of  pre-determined  maneuvers. 
In  the  former  case,  the  simulator  must  first 
be  shown  to  be  correct  before  the  results  can 
be  considered  valid.  If  the  simulator  itself  re¬ 
lies  on  software,  showing  the  validity  of  the 
simulation  may  be  as  difficult  or  more  diffi¬ 
cult  than  showing  the  correctness  of  the  pro- 
gram  to  be  tested. 


*^ood  testera  carefully  detennirie  the  inpuU  to  be  used  in 
advance,  often  including  some  testa  using  random  inputs,  and 
some  using  nonrandom,  so  as  to  get  representative  coverage 
of  the  expected  operational  inputs. 

“John  Shore,  op.  dt,,  footnote  16,  pp.  171-172. 
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For  systems  like  aircraft,  such  tests  are  so 
expensive  that  only  relatively  few  scenarios 
can  be  flown.  Flight  tests  of  the  avionics  soft¬ 
ware  for  the  Na\y’s  A-7  aircraft,  including 
land*  and  carrier-based  tests,  cost  approxi¬ 
mately  $300,000.  Scenario  tests  for  the  SAFE¬ 
GUARD  system  consisted  of  installing  a  test 
version  of  the  system  at  .Kwajalein  missile 
range  and  firing  one  or  two  missiles  at  a  time 
at  it. 

Since  exhaustive  testing  is  not  practical, 
testing  cannot  be  t«lied  upon  to  show  that  a 
computer  program  completely  e  nd  exactly  be¬ 
haves  according  to  its  specifioitions  or  even 
that  it  contains  no  errors.  As  stated  by  com¬ 
puter  scientist  Edsger  Dijkstra: 

Program  testing  can  be  used  to  show  the 
presence  of  bugs,  but  never  to  show  their  ab¬ 
sence!** 

The  deficiencies  of  testing  as  a  means  of 
showing  correctness  and  freedom  from  errors 
have  moved  software  engineers  to  seek  other 
methods,  such  as  mathematical.  They  have 
also  sought  means  of  measuring  error  inci¬ 
dence.  In  addition,  they  are  developing  meth¬ 
ods  for  random  testing  that  permit  statistical 
inferences  about  failure  rates.** 

Error  Incidence 

Some  assert  that  error  incidence— measured, 
for  example,  by  the  number  of  errois  found  per 
thousand  lines  of  source  code — measure  pro¬ 
gram  correctness.  Those  making  this  8a‘'Ca.'ti  on 
assume  that  it  is  possible  to  count  errors  un¬ 
ambiguously  and  that  the  more  errors  a  pro¬ 
gram  ha.s  the  less  its  behavior  will  conform  to 
its  specifications.  They  then  portray  the  de¬ 
bate  over  BMD  software  dependability  as 
hinging  on  the  question  of  whether  or  not  the 
software  would  contain  errors,  and  how  many 
it  would  contain. 


"J.  r>»hL  E.W.  Dijkstra,  and  C.A.R.  Hoan,  “Notes  on  Stnic- 
tured  Progranmiing,*'  Structured  Progremimng  (LoadoD:  Acer 
deimc  Press,  1972),  p.  6. 

**See  the  discussion  on  the  deanroom  method  in  ^>pendix  A 
for  more  details. 


Both  critics  and  proponents  of  an  attempt 
to  build  SDI  software  agree  that  any  such  soft¬ 
ware  would  contain  errors.  As  put  by  the  East- 
port  Group: 

Simpiy  because  of  its  inevitable  large  size, 
the  software  capable  of  performing  the  battle 
management  task  for  strategic  defense  will 
contain  errors.  All  systems  of  useful  complex¬ 
ity  contain  software  errors.** 

Ware  Myers  notes: 

The  whole  history  of  large,  complex  software 
development  indicates  that  errors  cannot  be 
completely  eliminated.** 

David  Pamas  asserts  that: 

Error  statistics  make  excellent  diversions 
but  they  do  not  matter.  A  low  error  rate  does 
not  mean  that  the  system  wiU  be  effective.  All 
that  does  matter  is  whether  software  works 
acceptably  when  first  used  by  the  customers; 
the  sad  answer  is  that,  even  in  cases  much  sim¬ 
pler  than  SDI,  it  does  not.  What  also  matters 
is  whether  we  can  find  all  the  *‘serious”  errors 
before  we  put  the  software  into  use.  The  sad 
answer  is  that  we  cannot.  What  matters,  too, 
is  whether  we  could  ever  be  confident  that  we 
had  found  the  last  serious  error.  Again,  the 
sad  answer  is  that  we  cannot.  Software  sys¬ 
tems  become  trustworthy  after  real  use,  not 
before,** 

Trastworthuipss 

Since  correctness  and  error  rates  are  not  the 
real  issues  in  the  software  debate,  trustwor¬ 
thiness  has  become  the  focus.  The  issue  is 
whether  or  not  BMD  software  could  be  pro¬ 
duct  so  that  it  vmuld  be  trustworthy  despite 
the  presence  of  errors.  In  common  usage,  ina¬ 
bility  and  trustworthiness  are  often  considered 
to  be  the  same.  In  engineering  usage,  reliabil¬ 
ity  has  become  associated  with  specific  meas¬ 
ures,  such  as  MTBF.  There  have  been  few  at¬ 
tempts  to  quantify  trustworthiness,  despite 


**Ea8tport  Study  Group  Report,  op.  dt,  footnote  4. 

“Ware  Myers,  “Can  Software  for  the  Strategic  Defense  Ini¬ 
tiative  Ever  Be  Error-Free7“  IEEE  Ck)inputer  XX:61-67,  No¬ 
vember  1986. 

“David  L.  Pamas,  “SDI  Red  Herrings  Miss  the  Boat,**  (Let¬ 
ter  to  the  Editor),  IEEE  Computer  20!2):6-7,  February  1987. 
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the  desirability  of  trustworthy  systems.  One 
possible  reason  may  be  that  trust  is  determined 
qualitatively  as  much  as  quantitatively:  peo¬ 
ple  judge  by  past  experience  and  knowl^ge 
of  internal  mechanisms  as  much  as  by  num¬ 
bers  representing  reliability.  Another  possible 
reason  is  that  most  systems  in  critical  appli¬ 
cations  are  safeguarded  by  human  operators. 
Although  the  systems  are  trusted,  the  ultimate 
trust  resides  in  the  human  operator.  Nuclear 
power  stations,  subway  systems,  and  autopi¬ 
lots  are  all  examples.** 

As  noted  in  chapter  7,  a  BMD  system  would 
leave  little  time  for  human  intervention:  trust 
would  have  to  be  placed  in  the  system,  not  in 
the  human  operator.  Accordingly,  it  is  impor¬ 
tant  to  be  able  to  evaluate  the  trustworthiness 
of  BMD  software.  One  suggested  definition  is 
that  trustworthiness  is  the  confidence  one  has 
that  the  probability  of  a  catastrophic  flaw  is 
acceptably  low.**  Trastwcffthiness  mi^dit  be  de¬ 
scribed  by  a  sentence  such  as  "The  probabil¬ 
ity  of  an  unacceptable  flaw  remaining  after 
testing  is  less  than  1  in  1,000.’'**  (This  meas¬ 
ure  of  trustworthiness  has  only  recently  been 
suggested,  and  no  data  have  yet  been  pub¬ 
lished  to  support  it.)  Estimating  trustworthi¬ 
ness  consists  of  testing  the  software  in  a  ran¬ 
domly  selected  subset  of  the  set  of  internal 
states  with  a  randomly  selected  subset  of  the 
possible  inputs.  The  set  of  possible  inputs  and 
internal  states  must  be  known.  It  must  be  pos¬ 
sible  to  recognize  a  catastrophic  test  re^t, 
i.e.,  the  expected  operating  conditions  must 
be  well-understood.  For  BMD  systems,  this 
means  understanding  the  expect^  threat  and 
countermeasures  as  well  as  testing  under  con¬ 
ditions  closely  simulating  a  nuclear  envi¬ 
ronment. 


“Even  when  human  operators  are  aware  of  a  problem  they 
sometimes  do  not  or  cannot  react  quickly  enougli,  or  with  the 
proper  procedures,  to  prevent  disaster, 

•T)avid  L.  Parnas,  “When  Can  We  Trust  Software  Systems?" 
(Keynote  Address),  Computer  Assurance,  Software  Systems  Id- 
tegrity:  Software  Sa/ety  and  Process  Security  Con/erence,  July 
1986, 

“David  L.  Pamas,  personal  communication,  1987. 


Fault  Tolerance 

Realizing  that  errors  in  the  code  and  un¬ 
foreseen  and  undesired  situations  are  inevita¬ 
ble,  software  developers  try  to  find  ways  of 
coping  with  the  resulting  faUures.  Software  is 
considered  fault-tolerant  if  it  can  either  pre¬ 
vent  or  recover  from  such  failures,  whether 
they  are  derived  from  hardware  or  software 
errors  or  from  unanticipated  input.  Techniques 
for  fault  tolerance  indude: 

•  back-up  algorithms, 

•  voting  by  three  or  more  different  imple¬ 
mentations  of  the  same  algorithm, 

•  error-recovery  programs,  and 

•  back-up  hardware. 

Program  verification  techniques,  discussed 
above,  attempt  to  prove  correctness  by  math¬ 
ematical  analysis  of  the  code.  In  contrast,  fault- 
tolerant  techniques  attempt  to  cope  with  faU- 
ures  by  analyzing  how  a  program  behaves  dur* 
ing  execution. 

Since  a  BMD  system  wotild  have  to  operate 
under  widely  varying  conditions  for  many 
years,  its  software  would  have  to  incorporate 
a  high  degree  of  fault  tolerance.  Unfortunately, 
there  are  no  accepted  measures  of  fault  toler¬ 
ance,  and  design  of  fault-tolerant  systems  is 
not  well  understood.  As  an  example,  space 
shuttle  flight  software  is  designed  in  a  way 
thought  to  be  highly  fault-tolerant.  Four  iden¬ 
tical  computers,  executing  identical  software, 
vote  on  critical  flight  computations  A  fifth,  ex¬ 
ecuting  a  different  flight  program,  operates  in 
parallel,  providing  a  backup  if  the  other  four 
fail  On  an  early  attempted  shuttle  launch,  this 
flight  system  failed  b^ause  the  backup  pro¬ 
gram  cotild  not  i^chronize  itself  with  tlw  four 
primary  programs.  The  failure,  occurring  just 
20  minutes  before  the  schedided  lift-ofl,  caused 
the  flight  to  be  postponed  for  a  day.  It  was 
a  direct  result  of  the  attempt  to  make  the  soft¬ 
ware  fault-tolerant. 

The  price  for  fault  tolerance  is  generally  paid 
in  performance  and  complexity.  A  program  in¬ 
corporating  considerable  code  for  the  purpose 
of  detecting,  preventing,  and  recovering  firom 
failures  will  be  larger  and  operate  more  slowly 


than  one  that  does  not.  A  successful  fault'tolo'- 
ant  design  will  result  in  a  system  with  higher 
availabihty  than  a  corresponding  system  built 
without  regard  for  fault  tolerance.  Producers 
of  non  ^tical  software  may  not  can?  to  pay 
the  price.  Those  concerned  with  critical  sys* 
terns  that  must  operate  continuously  oft(m  feel 
that  they  must. 

Availability 

Systems  that  are  intended  to  maintain  con¬ 
tinuous  operation  are  often  evaluated  by  cal¬ 
culating  their  availability,  i.e.,  the  percent  of 
time  that  they  are  available  for  use.  Availabil¬ 
ity  is  easily  measured  by  observing,  for  some 
interval,  the  amount  of  time  the  system  is  un¬ 
available  (the  “down”  time)  and  available  (the 
“up”  time)  and  then  calculating  (up  time)/(up 
time  -I-  down  time).  As  with  other  figures  of 
merit,  availability  figures  are  useful  when  the 
conations  under  which  they  were  measured 
are  well-known.  Extrapolation  outside  of  tho% 
conditions  is  risky.  Since  prediction  of  avail¬ 
ability  is  equivalent  to  prediction  of  MTBF  and 
mean  time  to  repair  (MTTR) — measures  of  up- 
and  down-times,  respectively— availability  is 
at  least  as  difficult  to  predict  as  MTBF  and 
MTTR  are  individually. 

Security 

Computer  users  concerned  with  preserving 
the  confidentiality  of  data  and  the  effective¬ 
ness  of  weapon  systems,  such  as  banks  or  the 
military,  consider  security  a  necessary  condi¬ 
tion  for  dependability.  Breaches  of  security 
that  concern  such  users  include: 

•  knowledge  by  an  opponent  of  the  al¬ 
gorithms  implement^  in  a  computer  con¬ 
trolling  a  weapon  system,  allowing  him 
to  devise  ways  of  circumventing  the  strat¬ 
egy  and  tactics  embodied  in  those  al¬ 
gorithms; 

•  access  by  unauthorized  use.  to  sensitive 
or  classified  data  stored  in  a  computer; 

•  denial  of  access  by  authorized  users  to 
their  computers,  thereby  denying  them 
the  capabilities  of  the  computer  and  the 
data  stored  in  it;  and 


•  substitution  of  an  opponent’s  software  for 
operational  software  (changing  even  a  few 
instructions  may  be  potentially  disas¬ 
trous),  allowing  the  opponent  to  divert  the 
computer  to  his  own  uses. 

Many  of  the  preceding  concerns  only  apply 
if  a  computer  must  use  a  potentially  corrupti¬ 
ble  communications  channel  to  receive  data  or 
instructions  from  another  computer  or  from 
a  human.**  Any  BMD  system  would  contain 
such  links.  (The  possibility  that  a  lii^  could 
be  cfMTupted  and  measures  for  preventing  such 
corruption  are  discussed  in  ch.  8.)  Over  these 
chaimels  one  might: 

•  load  revised  programs  into  the  memories 
of  the  BMD  computers; 

•  correct  errors  in  existing  progra^; 

•  change  the  strategy  incorporated  into  ex¬ 
isting  programs;  or 

•  acconunodate  changes  to  software  re¬ 
quirements,  such  as  might  be  caused  by 
the  introduction  of  new  technology  into 
the  BMD  system. 

In  addition,  any  BMD  architecture  would 
contain  communications  channels  for  the  ex¬ 
change  of  data  between  battle  management 
computers  and  sensors  and  among  battle  man¬ 
agement  computers. 

Since  the  1960s,  when  computers  started  to 
be  used  on  a  large  scale  in  weapon  eystems, 
the  DoD  has  expended  considerable  effort  to 
find  ways  of  maMng  computer  systems  secure. 
As  yet,  no  way  has  been  found  to  meet  all  the 
security  requirements  for  computers  used  in 
the  design,  development,  and  operation  of 
weapon  systems.  As  Landwehr  points  out  in 
a  discussion  of  the  state  of  the  art  in  develop¬ 
ing  secure  software: 

At  present,  no  technology  can  assure  both 
adequate  and  trustworthy  system  perform¬ 
ance  in  advance.  Those  techniques  that  have 
been  tried  have  met  with  varying  degrMS  of 
success,  but  it  is  difficult  to  measure  their  suc¬ 
cess  objectively,  because  no  good  measures  ex- 


“Physical  security,  Le.,  cmtnd  of  physical  toeess  to  comput¬ 
ing  equipment,  is  a  problem  as  weU,  generally  unst^able  by 
tortinimi  means  and  outside  the  sotpe  of  this  report. 
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ist  for  rankio^  the  security  of  various  sys- 
terns.*® 

Although  there  is  no  quantifiable  measure 
of  the  security  of  a  computer  system,  the  DoD 
has  developed  a  standard  for  evaluating  the 
security  of  computer  systems.*'  The  evalua¬ 
tion  consists  of  matching  the  features  provided 
by  a  system  against  those  known  to  be  neces¬ 
sary,  albeit  not  sufficient,  to  provide  security. 
For  example,  the  second  highest  rating  is  given 
to  those  systems  that  let  users  label  their  data 
according  to  its  security  level,  e.g.,  Confiden¬ 
tial  or  Secret,  then  protect  the  labels  against 
unauthorized  modification.  Furthermore,  the 
developer  must  show  the  security  model  used 
in  enforcing  the  protection  and  show  that  the 
system  includes  a  program  that  checks  every 
data  reference  to  ensure  that  it  follows  the 
model.  As  with  fault  tolerance,  incorporating 
security  features  into  software  exacts  penal¬ 
ties  in  performance  and  complexity. 

Safety 

A  software  engineering  journal  distin- 
guish'Hl  between  safety  and  reliability: 

Safety  ar*d  leliability  are  often  equated, 
especially  with  respect  to  software,  but  there 
is  a  growing  trend  to  separate  the  two  con¬ 
cepts.  Reliability  is  usually  defined  as  the 
probability  that  a  system  wffl  perform  its  in¬ 
tended  function  for  a  specified  period  of  time 
under  a  set  of  specified  environmental  condi¬ 
tions.  Safety  is  the  probability  that  conditions 
which  can  lead  to  an  accident  (hazards)  do  not 
occur  whether  the  intended  function  is  per¬ 
formed  or  not.  Another  way  of  saying  this  is 


^arl  Landwehr,  **The  Best  Available  Technologies  For  Com* 
puter  Security."  IEEE  Computer,  July  1983,  p.  93. 

•*“DoD  Standard  5200.28.  Department  of  Defense  Trusted 
Computer  System  Evaluation  Criteria.**  (Washington,  DC:  D^ 
partment  of  Defense.  Aug.  15.  1983). 


that  software  safety  iovolves  ensuring  that 
the  software  will  execute  within  a  system  con¬ 
text  without  resulting  in  unacceptable  risk.** 

Interest  in  software  safety  has  increased 
markedly  in  recent  years.  Formal  publications 
specifically  addressing  software  safety  issues 
started  appearing  in  the  early  1980s.**  As  yet, 
there  are  no  standard  measures  or  ways  of 
assessing  software  safety.  Nonetheless,  it  is 
important  that  BMD  software  be  safe  so  as 
to  prevent  accidents  that  are  bfe-threatening 
and  costly.  An  unsafe  BMD  system  might,  for 
example,  accidentally  destroy  a  satellite,  space 
station,  or  shuttle. 

Appropriate  Measures  of  Software 
Dependability 

As  should  be  clear  from  the  preceding  discus¬ 
sion,  software  dependability  cannot  be  cap¬ 
tured  in  any  single  measure.  Correctness, 
trustworthiness,  s^ety,  security,  and  fault  tol¬ 
erance  are  all  components  of  dependability.  All 
should  be  considered  in  the  development  of 
software  for  a  BMD  system.  Attempts  to 
quantify  them  in  a  clear-cut  way  require  speci¬ 
fying  too  many  conditions  on  the  measure  to 
allow  useful  generalization.  Estimates  of  the 
dependability  of  BMD  software  would  always 
be  suspect,  since  in  lar^  part  they  would  al¬ 
ways  be  subjective.  Until  we  can  quantify  soft¬ 
ware  dependability  we  cannot  know  that  we 
have  developed  dependable  BMD  software. 
The  following  sections  discuss  the  factors  in¬ 
volved  in  developing  dependable  software. 


-IEEE  Ti^saetions  <m  Softwan  Eogljiaering;  Special  la- 
sue  Ob  Reliability  And  Safety  In  Real-Time  Proceea  Control, 
SE-12(9):877,  SepUmber  1986. 

**Nimcy  LevesoD  and  Peter  Harvey.  “Anely;Ji^  Software 
Safety,”  lEEK  "lianaectiona  on  Softwere  Engineering,  SE-9<7), 
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CHARACTERISTICS  OF  DEPENDABLE  SYSTEMS 


Despite  the  lack  of  ways  of  quantifying  con¬ 
fidence  in  software,  people  trust  many  com¬ 
puterized  systems.  Further,  people  are  willing 
to  undertake  development  of  many  systems 


with  confidence  that  they  will  be  reliable  when 
finished.  In  this  section  we  discuss  why  sys¬ 
tems  come  to  be  trusted  and  give  some  exam¬ 
ples  of  trusted  systems.  We  divide  methods 
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of  gaining  trust  Into  two  classes:  those  based 
on  observations  of  the  external  behavior  of  the 
system,  and  those  based  on  understanding  how 
the  system  operates  internally. 

Observations  of  lilxteraal  Behavior 

A  system,  whether  containing  software  or 
not,  may  be  considered  to  be  a  black  box  with 
connections  to  the  outside  world.  One  may  ob¬ 
serve  the  inputs  that  are  sent  to  the  box  and 
the  outputs  it  produces.  The  next  few  swtions 
discuss  methods  of  gaining  confidence  in  soft¬ 
ware  and  systems  based  on  black-box  obser¬ 
vations  of  the  software. 

Extensive  Use  and  Abase 

Perhaps  the  most  important  factor  inspir¬ 
ing  confidence  in  software  is  that  the  software 
has  been  used  extensively.  A  good  analogy  is 
the  automobile.  Confidence  comes  from 
familiarity  with  cars  in  general  and  frequent 
use  of  one’s  own  car.  Having  seen  that  the  en¬ 
gine  will  start  when  the  key  is  turned  himdreds 
of  times  gives  one  the  feeling  that  it  will  start 
the  next  time  the  key  is  turned.  Automatic 
teller  machines,  electronic  calculators,  word 
processors,  and  AT&T’s  long  distance  tele¬ 
phone  network  are  all  examples  of  systems  con¬ 
trolled  by  software  that  are  trusted  to  work 
properly.  The  trust  is  built  on  extensive  ex¬ 
perience;  one  has  high  confidence  that  the  tele¬ 
phone  will  work  the  next  time  it  is  tried  be¬ 
cause  it  usually  has  in  the  past. 

Confidence  is  considerably  enhanced  when 
E  system  continues  to  work  even  though 
abused.  A  car  that  starts  on  cold  and  rainy 
days  inspires  increased  confidence  that  it  will 
start  on  mild  and  sunny  days.  Observing  that 
«-nl1a  still  get  through  under  heavy  calling  con¬ 
ditions  (albeit  not  as  quickly),  that  dialing  a 
non-existent  number  produces  a  meaningful 
rer  ponse,  and  that  calls  can  still  be  made  when 
major  trunk  circuits  fail  boosts  one’s  confi¬ 
dence  that  nearly  all  one’s  calls  will  get  through 
under  normal  conditions.  Conversely,  system 
failure  detracts  firom  confidence.  Having  ob¬ 
served  that  issuing  a  particular  command  to 
a  word  processor  sometimes  results  in  mean¬ 


ingless  text  being  inserted  into  a  document 
leads  cue  to  refirain  from  using  that  command. 

It  is  important  to  note  that  extensive  confi¬ 
dence  comes  from  extensive  use  and  not  from 
testing  that  incompletely  simulates  use.  No 
one  would  consider  granting  a  license  to  a  pi¬ 
lot  who  had  spent  extensive  time  in  a  flight 
simulator  but  had  never  at  tually  flown  an  air¬ 
plane.  Simulated  use  inspires  confidence  to  the 
degree  that  the  simulation  approxima^  oper¬ 
ational  conditions.  Real-world  complications 
are  often  either  too  expensive  or  too  poorly 
understood  to  simulate.  In  testing  systems, 
simulators  are  useful  for  convincing  ourselves 
that  the  gain  from  puttmg  the  system  into  its 
operating  environment  is  worth  the  attendant 
cost  and  risks.  They  allow  the  jump  to  actual 
use  with  some  confidence  that  disaster  will  not 
result. 

Predictable  Environments 

Confidence  in  software  also  comes  from  be¬ 
ing  able  to  predict  Uie  behavior  of  the  software 
in  its  operational  environment.  If  the  environ¬ 
ment  itself  is  predictable,  the  job  of  designing 
and  testing  the  software  is  considerably  eased. 
For  example,  engineers  can  predict  and  math¬ 
ematically  analyze  the  number  of  telephone 
calU  per  hour  that  a  particular  switching  cen¬ 
ter  will  receive  at  any  time  of  uay.  The  num¬ 
ber  and  t3T)e  of  signals  that  will  be  received 
on  the  telephone  lines  (e.g.,  the  7  digits  in  a 
local  telephone  number)  are  known  because 
their  specifications  form  part  of  the  require¬ 
ments  for  the  telephone  system  and  are  deter¬ 
mined  by  the  designers.  The  software  and  hard¬ 
ware  may  then  be  designed  to  cope  with  the 
telephone  traffic  and  the  signal  types  based 
on  the  specifications. 

Engineers  can  observe  the  system  in  opera¬ 
tion  to  verify  predictions  before  new  software 
is  placed  into  operation.  Finally,  they  can  ob¬ 
serve  the  behavior  of  new  software  in  terms 
of  number  of  calls  handled,  number  of  calls 
rerouted,  and  other  parameters  for  different 
traffic  loads.  Observing  that  behavior  matches 
predictions  builds  confidence  in  the  operation 
of  the  system.  Nonetheless,  even  when  the  de¬ 
velopers  have  extensive  experience  with  a  well- 


controlled  environment,  they  sometimes  make 
mistakes  in  prediction  and  do  not  discover 
those  mistakes  until  the  system  gees  into  use. 

Low  Cost  of  s  Failure 

Although  extensive  use  and  environmental 
predictability  both  strongly  influence  the 
amount  of  confidence  placed  in  a  system,  they 
are  not  sufficient  to  induce  users  to  continue 
using  a  system  after  significant  failmes.  Large, 
complicated  software  systems  inevitably  ex¬ 
perience  software  failures.  Therefore,  users 
don’t  have  confidence  in  the  software  unless 
Jie  risk  associated  with  a  failure  is  smaller  than 
the  gain  from  using  the  software.  A  word  proc* 
essor  that  loses  documents  may  go  unus^  be¬ 
cause  the  cost  of  re-creating  the  document  is 
greater  than  the  effort  saved  by  using  the  word 
processor. 

If,  however,  an  easy  method  of  recovering 
from  such  losses  is  available,  perhaps  by  in¬ 
cluding  a  feature  in  the  word  processor  that 
automatically  saves  back-up  copies  of  docu¬ 
ments,  then  the  cost  to  the  user  of  the  failure 
becomes  acceptably  low:  he  can  recover  his  doc¬ 
ument  when  it  is  lost.  Similarly,  the  cost  of 
recovering  from  a  misconnected  phone  call  is 
small  to  the  dialer  and  to  the  telephone  com¬ 
pany.  (Although  a  misdialed  phone  call  is  not 
really  a  system  failure,  the  same  principle  ap¬ 
plies:  users  can  recover  quickly  and  easily.)  The 
ability  to  recover  from  a  failime  at  low  cost  in¬ 
creases  confidence  in  and  willingness  to  use 
a  system. 

Systems  With  Stable  Requirements 

A  desire  for  flexibility  is  a  prime  motive  for 
using  computer  systems.  The  behavior  of  a 
computer  can  be  radically  altered  by  chang¬ 
ing  its  software.  Radical  changes  may  be  made 
to  a  computer  program  throughout  its  entire 
lifetime.  Because  there  is  no  apparent  physi¬ 
cal  structure  involved,  the  impact  of  change 
may  not  be  readily  appreciated  by  those  who 
demand  it  without  having  to  implement  it.  No 
one  would  ask  a  bridge  builder  to  change  his 
design  fiom  a  suspension  to  an  arch-supported 
bridge  after  the  bridge  was  half  built  without 
expecting  to  ^>ay  a  high  price.  The  equivalent 


is  often  demanded  of  software  builders  with 
the  expectation  of  little  or  no  penalty  in  sched¬ 
ule,  cost,  or  dependability. 

An  example  is  the  combat  system  software 
for  the  first  of  the  Navy’s  DD  963  class  of  des¬ 
troyers.  During  the  development  of  the  soft¬ 
ware,  which  cost  less  than  1  percent  of  the  cost 
of  building  the  ship,  the  customers  imfmsed 
major  changes  on  the  software  developer.  The 
original  requirements  specified  that  the  com¬ 
bat  system  need  only  provide  passive  elec¬ 
tronic  warfare  functions.  One  year  into  devel¬ 
opment  the  buyers  added  a  requirement  for 
active  electronic  warfare.  A  year  later  they  re¬ 
moved  the  requirement  for  active  electronic 
warfare.  On  the  ship’s  maiden  voyage  its  com¬ 
mander  issued  a  casualty  report  on  the  soft¬ 
ware:  the  ship  could  not  perform  its  function 
because  of  deficiencies  in  the  software.  Al¬ 
though  the  major  requirements  changes  were 
probably  not  the  only  reason  for  the  deficien¬ 
cies,  they  w«re  certainly  a  prime  contributing 
factor. 

The  B-IB  bomber  is  another  example  of  a 
system  where  deficiencies  have  result^  from 
too  much  change  during  development.  Accord¬ 
ing  to  a  report  on  the  B-IB  tmmber, 

Defense  officials  blame  many  of  the  pro¬ 
gram’s  problems  on  the  decision  to  begin  pro¬ 
ducing  the  aircraft  at  the  same  time  that  re¬ 
search  and  development  efforts  were  under 
way,  forcing  engineers  to  experiment  with 
some  systems  before  they  were  completely  de¬ 
veloped." 

Conversely,  a  system  whose  requirements 
change  little  during  the  course  of  develc^ment 
is  more  likely  to  work  properly.  Developers 
have  a  chance  of  understanding  the  problem 
to  be  solved:  they  need  not  continuaUy  reana¬ 
lyze  the  problem  and  revise  their  solution.  Sta¬ 
bility  of  requirements  is  particularly  important 
for  software  because  of  the  many  decisions  in¬ 
volved  in  software  design.  Each  subdivision 
of  a  program  into  subprograms  involves  deci¬ 
sions  about  the  functions  to  be  performed  by 
the  subprograms  and  about  the  interfaces  be 
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tween  them.  Writing  each  subprogram  further 
involves  decisions  on  the  algorithm  to  be  used, 
the  way  data  are  to  be  represented,  the  order 
of  the  actions  to  be  performed,  and  the  instruo 
tions  to  be  used  to  represent  these  actions. 

Decisions  made  early  in  the  process  are  more 
difficult  to  cl  >nge  than  those  made  later  in  the 
process  bec'iase  later  decisions  are  often  de¬ 
pendent  on  earlier  ones.  Furthermore,  the  proc¬ 
ess  of  change  is  more  expensive  in  later  phases 
of  a  project  because  there  are  more  specifica¬ 
tions  and  other  documentation.  Using  data 
from  SAFEGUARD  software  and  software 
projects  at  IBM,  GTE,  and  TRW,  one  expert 
has  shown  that,  as  a  result  of  the  preceing 
factors,  error  correction  costs  (and  costs  to 
make  other  software  changes)  increase  expo¬ 
nentially  with  time.  In  Boehm's  words: 

These  factors  combine  to  make  the  error 
t>T)ically  100  times  more  expensive  to  correct 
in  the  maintenance  phase  than  in  the  require¬ 
ments  phase." 

Clearly  then,  for  systems  where  require¬ 
ments  change  little  during  development,  not 
only  can  one  have  increased  confidence  in  the 
software,  but  one  can  also  expect  it  to  cost  less. 
Among  the  developers  of  large,  complex  sys¬ 
tems  who  attended  OTA's  workshop  on  SDI 
software,  there  was  unanimous  agreement  thst 
BMD  software  development  could  not  b^gin 
until  there  were  a  clear  statement  of  the  re¬ 
quirements  of  the  system." 

Systems  Based  on  Well-Understood 
Predecessors 

As  with  other  human  engineering  projects, 
successful  software  systems  are  generally  the 
result  of  slow,  evolutionary  change.  Where  rad¬ 
ical  changes  are  attempted,  failure  rates  are 
high  and  confidence  in  performance  is  low.  This 
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rule  can  be  seen  in  endeavors  such  as  bridge 
building*’  as  well  as  software  design.** 

With  the  example  and  experience  of  a  previ¬ 
ous  solution  to  a  problem,  a  software  developer 
can  have  the  confidence  that  a  system  to  solve 
a  small  variation  on  the  problem  can  be  cor¬ 
rectly  produced.  The  strud;ure  of  the  previous 
solution  and  the  associated  algoritims  may 
be  applied  again  with  small  variations.  A  good 
4»T«mpl«>  is  the  software  used  by  NASA  to  com¬ 
pute  the  orientation  of  unmanned  spaewaft. 
The  orientation,  also  known  as  attitude,  is  com- 
putfxi  by  ground-based  computers  while  the 
spacec’’*  *  ’  'n  operation.  Attitude  is  deter¬ 
mined  '  readmgs  of  sensors  on  board 

thespbv  '  Tl<es9nsor  readings  are  tdem^ 

teredtoear',1  it  sipphedasinputtoanatti- 
tudedetermi.  program  for  the  spacecraft. 

The  algorithms  iur  computing  orientation  are 
well  known  and  have  b^n  used  many  times. 
The  design  of  the  attitude  detem^ation  soft¬ 
ware  that  incorporates  the  algorithms  is  also 
dependable. 

The  design  of  an  attitude  determination  pro¬ 
gram  for  a  new  spacecraft  starts  with  the  de¬ 
sign  of  an  earlier  program  and  consists  of  mod¬ 
ifying  the  design  to  take  into  account  sensor 
and  telemetry  changes.  Many  of  the  subpro¬ 
grams  from  the  earlier  program  are  reused  in¬ 
tact,  some  are  modified,  and  some  new^  sub¬ 
programs  are  written.  A  typical  attitude 
determination  program  of  this  type  is  50,000 
to  125,000  lines  of  code  in  size  and  takes  about 
18  months  to  produce.  It  must  be  produ^ 
before  the  launch  of  the  associated  satellite, 
and  must  work  when  need3<l  so  that  the  satel¬ 
lite  may  be  maneuvered  as  necessary.  The  de- 
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, . .  departures  from  traditions]  designs  are  more  Ukdy  than  not 
to  hold  suri  rises. 

"Early  compilers  for  the  new  Ada  language  have  been  sc  stow, 
unwieldy  to  use,  and  bug-ridden  that  they  have  been  worthless 
for  real  software  development  This  situation  has  occurred  de¬ 
spite  the  fact  that  compilers  for  older  languages  ruch  as  FOR- 
TOAN,  for  which  there  have  been  compilers  since  the  inid-19508. 
are  considered  routine  development  tasks.  The  main  attribut¬ 
ing  factors  were  the  many  features,  especially  the  many  now 
features,  incorporated  into  Ada. 
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veloper’s  confidence  in  his  ability  to  meet  these 
criteria  is  based  on  the  success  of  the  previ¬ 
ous  attitude  determination  programs. 

The  developers  of  the  SAFEGUARD  soft¬ 
ware  believed  they  could  solve  the  problem  of 
defending  a  small  area  from  a  ballistic  missUe 
attack  bwuuse  similar,  but  somewhat  simpler, 
problems  had  been  solved  in  the  past.  The  his¬ 
tory  of  missile  defense  systems  can  be  traced 
back  to  World  W'ar  II  anti-aircraft  systems, 
starting  with  the  T-10  gun  director.  Next  came: 
the  M-9  gun  director,  which  ultimately  at¬ 
tained  a  90  percent  success  rate  against  the 
V-1  fljdng  bombs:  the  Nike-Ajax  missile  inter¬ 
ceptor  system;  then,  the  Nike-Hercules,  im¬ 
proved  Hercules,  Nike-Zeus,  Nike-X,  and  Sen¬ 
tinel  ABM  systems.**  Each  system  ts^pically 
involved  some  mission  changes  and  a  change 
of  one  or  two  components  over  the  previous 
one.  Although  the  last  few  of  these  were  never 
used  in  battle,  constraining  judgments  of  suc¬ 
cess  in  development,  the  evolutionary  process 
is  clear. 

Note  that  the  evolutionary  approach  re¬ 
quires  the  availability  of  experience  gained 
from  the  earlier  systems.  Experience  may  take 
the  form  of  personal  memories  or  of  documen¬ 
tation  describing  earlier  programs.  In  other 
words,  most  of  the  problem  must  be  well- 
understood  and  the  solution  clearly  described. 
As  Pamas  put  it,  following  a  series  of  obser¬ 
vations  on  what  makes  software  engineering 
hard. 

The  common  thread  in  all  these  observations 
is  that,  even  with  sound  software  design  prin¬ 
ciples,  we  need  broad  experience  with  similar 
systems  to  design  good,  reliable  software.** 

Observat'ons  of  Internal  Behavior 

The  above  approaches  to  gaining  confidence 
in  software  are  based  on  observing  the  exter¬ 
nal  behavior  of  the  software  without  trying  to 
determine  how  it  behaves  internally.  That  is, 
the  software  is  tested  by  observing  the  effects 


^•The  history  of  missile  defense  systems  given  here  was  sup¬ 
plied  in  a  1987  personal  communication  by  Victor  Vyssotsky, 
responsible  for  development  of  S  \FEGUARD  software. 
**David  L.  Pamas,  op.  dt.  footnote  1. 


of  executmg  co  iiputer  programs  rather  than 
the  mecbanis'Jis  by  wMch  those  effects  are 
produced  I'he  next  few  sections  discuss  meth* 
ods  based  on  observing  the  internal  behavior 
of  programs— methods  that  may  be  called 
* ‘clear  box”  to  denote  that  the  internal  mech¬ 
anism  used  to  produce  behavior  may  now  be 
observed. 

Simple  Designs 

It  is  not  practical  to  give  mathematical 
proofs  that  software  performs  correctly.  Given 
a  simple  design  and  a  clear  specification  of  re- 
qiiirements,  it  is  sometimes  possible  to  give 
a  convincing  argument  that  each  requirement 
is  satisfied  by  some  component  of  the  design. 
Similarly,  a  convincing  argument  can  be  given 
that  a  simple  design  is  proi^rly  implemented 
as  a  program.  As  with  reliability  measures, 
how  convincing  the  argument  is  depends  on 
subjective  jud^ent.  Where  only  a  weak  ar^* 
ment  can  be  given  that  the  design  properly  im¬ 
plements  the  requirements  and  that  the  code 
properly  implements  the  design,  there  would 
be  little  reason  to  trust  the  software,  especially 
in  its  initial  period  of  operation.  As  one  expert 
puts  it, 

. . .  the  main  principle  in  dealing  with  compli¬ 
cated  problems  is  to  transform  Uiem  into  sim¬ 
ple  ones.** 

Put  another  way,  each  complication  in  a  de¬ 
sign  makes  it  less  trustworthy.  Simplicity,  is, 
of  course,  relative  to  the  problem.  The  inher¬ 
ent  complexity  of  a  problem  it  may  require 
complex  solutions.  The  designer's  job  is  to 
make  the  solution  as  simple  as  he  can.  As  Ein¬ 
stein  said: 

Everything  should  be  as  simple  as  possi¬ 
ble,  but  no  simpler.** 

Disdplined  DeT^elopment 

The  softwaie  development  process  com¬ 
prises  a  variety  of  activities.  Describing  soft¬ 
ware  cost  estimation  techniques,  Boehm  iden- 


■TC.  Jones,  Dmigo  Methods,  Seeds  Of  Humsn  Fiiturm,  (New 
York:  John  WUey  &  Sons.  1980». 

"Personsl  communicatioii,  P.  Neumann. 


tifies  8  different  major  activities  occurring 
during  software  development  and  15  different 
cost  &ve»-s.**  Other  estimators  use  different 
factors.  (One  early  study  introduced  toon  than 
90  factors  influencing  the  cost  of  software  de¬ 
velopment.)  Fairley  lists  17  different  factors 
that  affect  the  quality  and  productivity  of  soft¬ 
ware.’*  There  is  general  agreement  that  many 
factors  affect  software  development.  There  is 
still  considerable  doubt  over  how  to  identify 
the  factors  that  would  most  significantly  affect 
a  new  project— particularly  if  there  is  little  ex¬ 
perience  with  the  development  environment, 
the  personnel  involved,  or  the  application.  Ap¬ 
pendix  A  describes  the  typical  software  devel¬ 
opment  process  and  some  of  the  complicating 
factors. 

Development  of  large,  complicated  software 
must  be  a  carefully  controlled  process.  As  the 
size  and  complexity  of  the  software  increases, 
different  factors  may  dominate  the  cost  and 
quality  of  the  resulting  product.  Based  on  per¬ 
sonal  observations.  Homing  conjectured  that: 

...  for  every  order  of  magnitude  in  software 

size  (measured  by  almost  any  interesting  met¬ 
ric)  a  new  set  of  problems  seems  to  domi¬ 
nate.” 

Although  it  is  early  to  expect  an  accurate 
estimate  of  the  size  of  BMD  software,  current 
estimates  of  the  size  of  SDI  battle  manage¬ 
ment  software  range  from  a  factor  of  2  to  a 
factor  of  30  larger  than  the  largest  existing 
systems  (and  the  the  accuracy  of  some  esti¬ 
mates  is  judged  to  be  no  better  than  s  factor 
of  3).“  If  Homing’s  statement  is  correct,  then 
there  is  reason  to  suspect  that  currently  un¬ 
foreseen  problems  woiild  dominate  BMD  soft¬ 
ware  development.  Solving  these  problems 

^Software  Engineering  Economics,  op.  dt.,  footnote  45,  p.  98. 

•^Richard  Fairley,  Software  Engioeeriag  Concepts,  (New  York, 
NY:  McGraw-HiU,  1985). 

^Jim  Hmning.  ^'Computing  in  Support  of  Battle  Manage¬ 
ment,  VlCAf  SIGSOFT  Software  Engineering  Notes  10(5):24' 
27.  October  1985. 

'•Barry  Boehm,  author  of  Softwa-eE^neering  Economics, 
and  deviser  of  the  moot  popular  analytical  software  coot  esti¬ 
mation  model  in  use  today,  estimated,  in  a  personal  communi¬ 
cation,  that  estimates  of  the  size  of  SDI  battle  management 
software  with  which  he  was  familiar  could  easily  be  in  error  by 
a  factor  of  3. 


would  add  to  the  time  and  expense  involved 
in  producing  the  software,  and  may  undermine 
judgments  of  its  reliability. 

The  development  process  must  be  g^ed  to 
controlling  the  effects  of  the  dominating  fac¬ 
tors.  An  example  is  the  procedures  by  which 
changes  at  e  made.  Most  software  development 
can  be  viewed  as  a  process  of  progressive 
change.  At  every  phase,  ideas  from  the  previ¬ 
ous  phase  are  transformed  into  the  products 
of  the  current  phase.  For  very  small  projects, 
the  changes  may  be  kept  in  the  mind  of  one 
person.  For  moderately  small  projects,  v.'U’bal 
communication  among  the  project  members 
may  suffice  to  keep  track  of  changes. 

For  larger  projects,  the  number  of  people  in¬ 
volved  and  the  length  of  time  of  the  project 
require  that  changes  be  approved  by  small 
committees  and  that  written  lists  of  revisions 
be  distributed  to  all  project  personnd  at  regu¬ 
lar  intervals.  Revised  pr^ucts  of  earlier  phases 
are  also  distributed  to  those  who  need  them. 
For  very  large  projects,  formal  change  control 
boards  are  esiablished  and  all  changes  to  base¬ 
line  designs  must  be  approved  before  they  are 
implemented.  A  library  of  approved  documents 
and  programs  is  maintained  so  that  all  person¬ 
nel  have  access  to  the  same  version  of  all 
project  products.  The  process  of  controlling 
change  becomes  a  source  of  considerable  over¬ 
head,  but  is  necessary  so  that  all  project  mem¬ 
bers  work  from  the  same  assumptions. 

Factors  Distinguishing  DoD 
Software  Development 

There  are  some  similarities  between  DcD 
and  commercial  software.  The  environments 
where  DoD  uses  software  are  also  found  out¬ 
side  of  DoD.  Commercial  and  NASA  avionics 
systems  perform  many  of  the  same  functions 
as  militaiy  avionics,  and  must  also  work  in  life- 
threatening  situations.  Furthermore,  the  soft¬ 
ware  must  ultimately  be  produced  in  the  same 
form,  i.e.,  as  a  computer  program,  often  in  ’.  he 
same  or  a  similar  language  for  the  same  or  a 
similar  computer.  But  the  DoD  development 
process,  as  described  in  appendix  A,  is  often 
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quite  different  from  commercial  software  de¬ 
velopment. 

Several  factors,  in  combination,  distinguish 
DoD  softvTsre  from  commercial  software.  Ele¬ 
ments  of  all  of  these  factors  are  found  in  com¬ 
mercial  software  applications,  but  the  combi¬ 
nation  is  usually  not. 

•  Longlifetime.  Military  command  and  con¬ 
trol  software  often  has  a  lifetime  of  20  or 
more  years.  The  Naval  Tactical  Data  Sys¬ 
tem  was  developed  in  the  early  1960s  and 
is  still  in  use. 

•  Embedded.  New  DoD  systems  must  in¬ 
terface  with  other,  existing  DoD  systems. 
The  interfaces  are  not  under  the  control 
of  the  developer,  and  the  need  for  the  in¬ 
terface  was  often  not  foreseen  when  the 
existing  system  was  developed.  Commer¬ 
cial  software  developera  are  generally 

to  develop  their  own  interfaces,  or  build 
strnd-alone  systems. 

•  Operating  in  Real  Time.  Command  and 
control  systems  must  generally  respond 
to  events  in  the  outside  world  as  they  are 
happening.  A  delayed  response  may  result 
in  human  deaths  and  damage  to  material. 

•  Life-critical.  Command  and  Control  and 
weapon  systems  are  designed  to  inflict 
death  or  to  prevent  it  from  occurring. 

•  Large.  DoD  systems  containing  hundreds 
of  thousands  of  lines  of  code  are  common. 
The  larger  systems  contain  as  many  as  3 
million  lines  of  code. 

•  Complex.  Command  and  control  systems 
perform  many  different  functions  and 
must  coordinate  the  actions  of  a  variety 
of  equipment  based  on  the  occurrence  of 
extern^  events. 

•  Machine-near.  The  programmers  of  com¬ 
mand  and  control  systems  must  under¬ 
stand  details  of  how  the  computer  they 
are  using  works,  how  the  equipment  that 
it  controls  works,  and  what  the  interface 
between  the  two  is.  Many  such  details  are 
transparent  to  commercial  programmes 
because  of  the  standardization  of  equip¬ 
ment,  such  as  printers,  for  which  already 
existing  software  handles  the  necessary 
details.  The  same  is  not  true  f ot  new  wea^ 


ons,  sensors,  and  computer  systems  spe¬ 
cially  tailored  to  particular  DoD  applica¬ 
tions.  As  an  example,  the  computers  used 
on  board  the  A-7  aircraft,  in  both  ^  1  ^avy 
and  Air  Force  versions,  were  designed  for 
that  aircr*^  and  rarely  used  elsewhere. 
The  use  of  non-standard  equipment  often 
means  that  standard  progranuning  lan¬ 
guages  cannot  be  used  because  they  pro¬ 
vide  no  instructions  that  can  be  used  to 
control  the  equipment.  The  current  DoD 
trend  is  toward  standardization  of  com¬ 
puters  and  languages,  but  programmes 
still  must  deal  with  specialize  equipment. 

•  Facing  Intelligent  Adversaries.  DoD  bat¬ 
tle  management  and  command,  control, 
and  communications  systems  must  deal 
with  intelligent  adversaries  who  actively 
seek  ways  to  defeat  them. 

The  DoD  software  development  proMss  is 
often  rharacterized  as  cumbesome  and  ineffi¬ 
cient,  but  is  a  significant  improvement  over 
the  situation  of  the  early  1970s  when  there  was 
no  standard  development  process.  It  provides 
some  protection,  in  the  form  of  i^uired 
documentation,  against  software  that  is  either 
unmaintainable  or  unmaintainable  by  anyone 
except  the  builders.  Minimal  requirements  for 
the  conduct  of  acceptance  tests  alro  provides 
some  protection  against  grossly  inadequate 
systems.  Nonetheless,  the  process  often  still 
produces  systems  that  contain  serious  errors 
and  are  difficult  to  maintain."  **  The  complex¬ 
ity  of  BMD  software  development  would  prob¬ 
ably  require  significant  changes  in  the  proc¬ 
ess,  both  in  management  and  technical  areas.** 
The  Fletcher  Study  concluded  that: 

Although  a  strong  concern  for  the  develop¬ 
ment  of  software  prevails  throughout  the  dvil 
and  military  data-processing  commumty. 


exaniples  of  problems  in  such  83r8tems  as  the  SGT  YOPK  * 

Division  Air  Defense  Gun.  see  ACM  SIGSOFT Software Engi-  » 

neeiiog  NoteSt  op.  cit.,  footnote  20. 

••Upgrade  of  the  A-7E  avionics  software,  which  is  small  (no 
more  than  32,000  instructions),  but  quite  complex  (to  accom¬ 
modate  a  new  missile  cost  about  $8  million). 

••Appendix  A  contains  a  further  discussion  of  the  DoD  soft¬ 
ware  development  process  and  i  scent  technical  developments 
that  mi^t  contribute  to  improving  it. 
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more  emphasis  needs  to  be  placed  on  the  spe¬ 
cific  problem  of  BMD: 

•  Expanded  efforts  to  generate  software  de¬ 
velopment  tools  are  needed. 

•  Further  emphasis  is  needed  on  simulation 
as  a  means  to  assist  the  design  of  battle 
management  systems  and  software. 

•  Specific  work  is  needed  on  algorithms  re¬ 
lated  to  critical  battle  management  func- 
tions.** 

Improving  the  Process 

Software  development,  a  labor-intensive 
process,  depends  for  its  success  on  many  differ¬ 
ent  factors.  Improvements  tend  to  come  from 
better  understanding  of  the  process.  Further¬ 
more,  improvements  tend  to  be  made  in  small 
increments  because  of  the  many  factors  influ¬ 
encing  the  process.  To  produce  a  system  suc¬ 
cessfully  requires,  among  other  things: 

•  avaOability  of  appropriate  languages  and 

machines, 

•  emplo}nnent  of  properly  trained  people, 

•  go<^  problem  specification, 

•  stable  problem  specification,  and 

•  an  appropriate  methodology.*' 

Current  efiorts  in  software  engineering  tech¬ 
nology  development  concentrate  on  providing 
automated  support  for  much  of  the  process. 
Software  engineering  tools  may  contribute  to 
small  incremental  improvements  in  the  proc¬ 
ess  and  the  product.  Such  tools  may  help 
programmers  produce  prototypes,  write  and 
che^  the  consistency  of  specifications,  keep 
track  of  test  results,  and  manage  development 

Software  Dependability  and 
Computer  Architecture 

Variations  in  computer  design  can  have  a 
strong  effect  on  the  software  dependability. 
Some  architectures  are  well-suit^  to  certain 


**James  C,  Fletcher,  Study  Chairman  and  Brockway  McMil¬ 
lan,  Panel  Chairman,  op.  cit.,  footnote  11. 

*'It  is  only  in  the  last  few  years  that  the  job  title  **8oftware 
engineer”  has  hem  used.  Thoe  is  no  qualification  standard  for 
software  engineers,  and  no  standard  curricidum.  Few  universi¬ 
ties  or  colleges  yet  offer  an  unda’gr&duate  major  in  software 
engineering,  and  there  is  only  one  educational  instil  ution  in  the 
country  that  offers  a  master's  degree  in  software  imgineering. 


applications  and  make  the  job  of  developing 
and  testing  the  software  easier.  As  an  exam¬ 
ple,  some  computer  systems  allow  programs 
to  act  as  if  they  each  had  their  own  copy  of 
the  computer’s  memory.  This  feature  pemuts 
severid  programs  to  execute  concurrenUy  with¬ 
out  risk  that  one  will  write  over  another’s  mem¬ 
ory  area.  The  computer  detects  attempts  to 
call  on  memory  areas  beyond  a  program’s  own 
and  can  terminate  the  program.  The  computer 
provides  the  programmer  with  information 
about  where  in  the  program  the  failure 
occurred,  thus  helping  him  fod  the  error.  This 
memory  sharing  technique  makes  the  pro¬ 
grammer’s  development  job  easier  and  allows 
the  computer  to  hie  be  us^  for  several  differ¬ 
ent  purposes  simiiltaneously. 

Other  systems  permit  the  programmer  to  de¬ 
fine  an  area  of  the  computer’s  memory  whose 
contents  are  sent  at  regular  intervals  to  an  ex¬ 
ternal  device.  This  feature  could  be  used  in  con¬ 
junction  with  a  display  device  to  ensure  that 
the  dUplay  is  properly  maintained  without  the 
programmer  ^ving  to  write  a  q>ecial  program 
to  do  so.  Such  a  feature  simpl^es  the  job  of 
developing  software  for  graphics  applications, 
^so,  at  the  cost  of  added  hardware,  it  im¬ 
proves  the  performance  of  the  computer  sys¬ 
tem  when  used  with  graphic  displays. 

Features  built  into  the  computer  may  make 
the  software  development  job  easier,  the  soft¬ 
ware  more  dependable,  and  the  system  per¬ 
formance  better.  The  poialty  for  this  approrrh 
may  be  to  make  the  computer  designer’s  job 
haider  and  the  hardwaie  more  expensive.  Fa¬ 
ther,  the  gain  in  software  dependability  is,  as 
in  many  other  cases,  not  quantifiable.  Chap¬ 
ter  8  contains  a  more  detailed  discussion  of 
various  computer  architectures  and  their  po¬ 
tential  for  meeting  the  computational  ne^ 
of  BMD. 

Software  Dependability  and 
System  Architecture 

Just  as  an  appropriate  coinputer  architec¬ 
ture  may  lead  to  improved  software  dependa¬ 
bility,  so  may  an  appropriate  system  artdutec- 
ture.  A  BMD  architecture  that  simplified 
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coordination  and  communication  needs  among 
system  components,  such  as  different  battle 
managers,  would  simplify  the  software  design 
and  might  lead  to  improved  software  depend¬ 
ability.  As  with  computer  architecture,  there 
would  be  a  penalty:  decreased  coordination 
usually  leads  either  to  decreased  efficiency  or 
to  more  complex  components.  The  increase  in 
complexity  is  caused  by  the  need  for  each  com¬ 
ponent  to  compensate  for  the  loss  of  informa¬ 
tion  otherwise  obtained  from  other  compo¬ 
nents.  As  an  example,  if  battle  managers 
cannot  exchange  track  information  with  each 
other,  then  they  must  maintain  more  tracks 
individually  to  do  their  jobs  as  efficiently.  Th^' 
may  also  have  to  do  their  own  RV/decoy  dis¬ 
crimination.  Note  that  an  architecture  that  re¬ 
quires  exchange  of  a  small  amount  of  track  in¬ 
formation  would  be  nearly  as  difficult  to  design 
and  implement  as  one  that  required  exchange 
of  a  large  amount.  The  reason  is  that  the  com¬ 
munications  proced’nres  for  the  reliable  ex¬ 
change  of  small  quantities  of  data  are  about 
the  same  as  those  for  large  quantities. 

The  Eastport  group  estimated  that  for  an 
SDI BMD  system  the  penalty  for  not  exchang¬ 
ing  track  information  among  battle  managers 
during  boost  phase  would  be  about  a  20  per¬ 
cent  increase  in  the  number  of  SBIs  need^.“ 

The  improvement  in  software  dependability 
that  might  be  obtained  by  a.*chitectural  vari- 
atior  s  is  not  quantifiable. 

Software  Dependability  and 
System  Dependability 

It  is  desirable  to  find  some  way  of  combin¬ 
ing  software  and  hardware  dependability  meas¬ 
ures.  As  indicated  earlier,  MTBF,  a  tradition^ 
hardware  reliability  measure,  is  not  appropri¬ 
ate  as  a  sole  measure  of  dependability  of  BMD 
software.  Certainly  it  wifi  still  be  desirable  to 
measure  hardware  reliability  in  terms  of 
MTBF  in  order  to  schedule  hardware  mainte¬ 
nance  and  to  estimate  repair  and  replacement 


“Eastport  Study  Group  Report,  op.  dt,  footnote  4.  The  analy¬ 
sis  and  assumptions  behind  this  daim  have  not  been  made 
available. 


inventory  needs.  The  only  components  of  both 
hardware  and  software  depmdability  for  which 
there  may  be  some  common  ground  for  esti¬ 
mation  are  trustworthiness  and  availability. 
However,  there  have  been  few  or  no  attempts 
to  estimate  trustworthiness  for  systems  that 
are  composites  of  hardware  and  software. 

In  summary,  there  are  no  established  ways 
to  produce  a  computer  (hardware  and  software) 
system  dependability  measure.  Fiu-thermore, 
there  are  few  good  existing  proposals  for  po¬ 
tential  system  dependability  measures. 

Software  Dependability  and  the  SDI 

Although  it  is  not  possible  to  give  a  quan¬ 
titative  estimate  of  achievable  softwwe  de¬ 
pendability  for  SDI  software,  it  is  possible  to 
gain  an  idea  of  the  difficulty  of  producing  BMD 
software  known  to  be  dependable.  We  can  do 
so  by  fnmparing  the  characteristics  of  a  BMD 
system  with  characteristics  of  large,  complex 
systems  that  are  considered  to  be  dependable. 
In  an  earlier  section  those  characteristics  were 
described.  We  apply  them  here  to  potential 
SDI  BMD  systems,  using  the  architecture  de 
scribed  in  chapter  3  as  a  reference.  Table  9-1 
is  a  summary  of  the  following  sections'.  It 
shows  whether  or  not  each  characteristic  can 
be  applied  to  SDI  software,  and  provides  a 
comparison  with  SAFEGUARD  and  the  AT&T 
telephone  system  software,  both  often  men¬ 
tioned  as  comparable  to  SDI  BMD  software.** 

SAFEGUARD  and  telephone  system  soft¬ 
ware  represent  different  ends  of  the  spectrum 
of  large  systems  that  could  reasonably  be  com¬ 
pared  to  SDI  BMD  systems.  The  telephone 
system: 

•  is  not  a  weapon  system, 

•  has  evolved  over  a  period  of  a  hundred 
years, 

•*Ci.  Dr.  Solomon  Buchsbaum.  Executive  Vice  President  for 
Customer  Systems  for  AT&T  Bell  Laboratories  and  former  chair 
of  the  Defense  Science  Board  and  the  White  House  Science 
Council: 

. . .  most  if  not  all  of  the  essential  attributes  of  the  BM/C*  sys¬ 
tem  have,  I  brieve,  been  demonstrated  in  eon4>arabls  terres¬ 
trial  systems. 

S.  Hre.  99-933.  op.  dt.,  footnote  3.  p.  276. 
The  system  m.  it  applicwle  to  the  issue  at  hand  is  the  U.S. 
Public  Telecomujunications  Network. 


Table  9>1.— Characteristic*  of  Oependabie  Systems 
Applh  I  io  SDI,  SAFEGUARD,  and 
the  Telephone  System 


Characteristic 

SDI 

SAFEGUARD 

Telephone 

system 

Extensively  used  &  abused  . . . . 

..  Nc 

No 

Yes 

Predictable  environment . 

No 

No 

Yes 

low  cost  of  a  lailure . 

..  No 

No 

Yes 

Stable  requirements . 

..  No 

Yes 

Yes 

Welt-understood  oredecessors . . 

..  No 

Yes 

Yes 

Simple  design  . 

. .  Unknovm 

7 

Yes 

Disciplined  development . 

. .  Unknown 

Yes 

Yes 

SOURCE  Otticc  o(  Ttcfinoiogy  Assessment.  198S 

•  operates  in  a  predictable  environment 
with  well-underi  od  technology, 

•  is  kept  supplied  with  spare  hardware  parts 
that  can  quickly  installed,  and 

•  is  not  designed  to  be  resistant  to  an  at¬ 
tack  aimed  at  destroying  it  (although  it 
can  be  reconfigured  in  homs  by  its  human 
operators  to  circumvent  individual  dam¬ 
aged  switching  centers). 

The  SAFEGUARD  ^stem  was  a  missile  de¬ 
fense  system  that  used  well-understood  tech¬ 
nology,  was  never  used  in  battle,  would  have 
had  to  operate  in  an  emironment  that  was  not 
easily  predictable,  and  was  designed  to  make 
its  destruction  by  an  enemy  attack  costly. 

Several  other  systems  lie  withm  the  spec¬ 
trum  defined  by  SAFEGUARD  and  the  tele¬ 
phone  ^stem.  Examples  are  NASA  flight  soft¬ 
ware  systems,  such  as  the  Apollo  and  Space 
Shuttle  software,  and  weapon  systems  such 
as  AEGIS.  All  have  some  of  the  characteris¬ 
tics  of  BMD  systems.  Nearly  all  are  autono¬ 
mous  within  clearly  defined  Ihnits,  must  oper¬ 
ate  in  real  time,  and  are  large.  Some  that  are 
viewed  as  successful  developments,  such  as 
AEGIS,  have  only  been  used  under  simulated 
and  test  conditions,  but  are  thought  to  be  suffi¬ 
ciently  dependable  to  be  put  on  operational 
status. 

None  of  the  examples  known  to  OTA  have 
been  developed  under  the  combined  con¬ 
straints  imposed  by  SDI  requirements,  i.e.,  an 
SDI  system  would  have  to: 

•  control  weapons  autoncmstically; 

•  incorporate  new  technology; 


•  be  partly  space-based,  partly  ground- 
based; 

•  defend  itself  from  active  and  passive 
attadcs; 

•  defend  against  threats  whose  character¬ 
istics  cannot  be  well-spedfied  in  advance; 

•  operate  in  a  nuclear  environment,  whose 
characteristics  are  not  well-understood; 

•  be  designed  so  that  it  can  be  changed  to 
meet  new  threats  and  add  new  technology; 
and 

•  perform  successfully  in  its  first  opera¬ 
tional  use. 

Even  a  system  such  as  AEGIS,  which  is  per¬ 
haps  DoD’s  most  technologic '.ily  advanced  de¬ 
ployed  system,  was  not  develop  under  such 
stringent  constraints,  and  its  success  is  not 
yet  ^y  determined. 

Extensively  Used  and  Abused 

Although  it  mi^t  undergo  considerable  test¬ 
ing  in  a  simulated  environment,  a  BMD  sys¬ 
tem  cannot  be  considered  to  have  been  used 
in  its  working  environment  until  it  has  been 
used  in  an  actual  battle.  The  working  environ¬ 
ment  for  a  BMD  system  would  be  a  uuclear 
war.  llius,  the  first  tuue  it  woiald  be  used  would 
tdso  likely  be  the  only  time.  In  the  telephone 
system,  components  that  are  put  into  use  even 
after  extensive  testing  often  fail.  A  letter  to 
Congress  from  designers  and  maintainers  of 
AT&T  Bell  Laboratories  switching  systems 
stated: 

Despite  rigorous  tests,  the  first  time  new 
equipment  is  incorporated  intC'  the  telephone 
network,  it  rarriy  performs  reliably. 

Adding  new  equipment  is  just  the  tip  of  the 
iceberg;  e'/en  the  simplest  software  upgrade 
introduces  serious  errors.  Despite  our  best  ef¬ 
forts,  the  software  that  controls  the  telephone 
network  has  approximr.tely  one  error  fw  every 
thousand  lines  of  code  when  it  is  initially  in¬ 
corporated  into  the  system.  Extensive  testing 
and  simidation  cannot  discover  th:).)e  errors.** 


**A  copy  of  the  letter  aleo  appears  as  "SCI  Software,  Part 
II:  The  Software  Will  Not  Be  Reliable,"  Kiyaies  nd  Satiety, 
16(2).  April  1987. 


Predictable  Environiaent 

Two  aspects  of  the  BMD  battle  anvironnirat 
will  remain  unpredictable  until  the  outbreak 
of  war.  The  first  is  the  effect  of  the  nuclear 
background  caused  by  the  battle  and  the  sec¬ 
ond  is  the  type  and  extent  of  the  countermeas¬ 
ures  employ^  against  the  system.  In  contrast, 
the  telephone  system  environment  is  well- 
known  and  pre^ctable.  Call  traffic  can  be 
measured  and  compared  to  mathematical  mod¬ 
els.  Furthermore,  much  of  the  environment, 
such  as  the  signals  used  in  calling,  is  controlled, 
by  the  designers  of  the  system,  so  they  are  well- 
acquainted  with  its  characteristics.  Those  who 
seek  to  defeat  telephone  systems  want  to  use 
the  environment  for  their  own  ends,  and  gen¬ 
erally  do  not  try  to  disrupt  it.  Therefore,  d- 
though  countermeasures  are  not  all  known  in 
type  and  extent,  neither  are  they  intended  to 
destroy  the  operation  of  the  system. 

Low  Cost  of  a  FaUare 

Software  errors  manifested  as  failures  dur¬ 
ing  a  battle  would  not  be  repairable  until  after 
the  battle.  Catastrophic  ftdures  could  result 
in  unacceptably  high  numbers  of  warheads 
reaching  their  targets;  there  is  no  way  to  gu  v- 
antee  or  predict  that  catastrophic  fafiures  will 
not  occur.  Even  minor  failures  may  result  in 
failure  to  intercept  some  enemy  warheads, 
causing  loss  of  human  life.  Telephone  switch¬ 
ing  centers  experiencing  catastropMc  software 
failures  generaDy  can  be  removed  fi'om  serv¬ 
ice  and  the  software  repaired  while  calls  are 
rerouted.  Minor  failures  are  at  most  likely  to 
cause  difficulties  for  a  few  subscribers. 

Stable  Requirements 

As  new  threats  arose,  new  strategies  de¬ 
viled,  new  countermeasxu^s  found,  and  new 
technology  introduced,  the  requirements  for 
BMD  systems  would  change,  aud  change  con¬ 
tinually.  Although  some  changes  could  be 
planned  and  introduced  gradually,  changing 
threats  fuid,  particularly,  countermeasures 
would  impose  changes  beyond  the  control  of 
the  system  developers  and  maintainers.  BMD 
countermeasures  are  not  subject  to  close  scru¬ 
tiny  by  the  opposition,  and  new  ones  ro'ght 


appear  quickly,  reqxiiring  rapid  response.  Be¬ 
cause  changes  in  threat  and  the  development 
of  countermeasures  would  depend  on  Soviet 
decisionmaking  and  technology,  the  rate  at 
which  the  U.S.  would  have  to  make  changes 
to  its  BMD  software  would  partly  depend  on 
Soviet  actions.  Delays  in  responding  to  coun¬ 
termeasures  might  have  serious  consequences, 
including  the  temptation  for  the  side  that  had 
a  new,  effective  countermeasure  to  strike  fir.st 
before  a  counter-countenneasure  could  be  de¬ 
vised  and  implemented. 

Well-Understood  Predecessors 

Earlier  BMD  systems,  such  as  SAFE¬ 
GUARD,  can  be  characterized  as  terminal  or 
late  mid-course  defense  systems.  The  termi¬ 
nal  and  late  mid-ccurse  defense  part  of  an  SDI 
BMD  system  could  benefit  from  experience 
with  these  predecessors.  There  has  been  no  ex¬ 
perience,  however,  with  boost  phase  and  post¬ 
boost  phase,  and  little  experience  with  early 
mid-course  defenses.**  They  are  new  problems 
that  will  take  new  technologies  to  solve.  Most 
demanding  of  all,  a  system  to  solve  these  pi  ob- 
lems  must  be  trusted  to  work  properly  the  first 
time  it  is  used.  There  have  been  appro:draately 
100  years  of  experience  with  telephone  :»«vitch- 
ing  systems.  Each  new  system  is  a  small 
change  over  its  predecessor.  If  a  newly- 
installed  switching  system  does  not  work  ac¬ 
ceptably,  it  can  be  replaced  by  its  predecessor 
until  it  is  lepnired. 

Simple  Design  and  Disdplined  Development 

Since  the  SDI  BMD  system  has  not  yet  pro¬ 
ceeded  to  the  point  of  a  system  design,  much 
less  a  design  for  battle  management  or  other 
software,  one  cannot  judge  whether  or  not  the 


«*The  Spartan  miaaile,  used  by  SAFEGUARD,  can  be  cc*&* 
aider^  a  lata  mid-courae  defenae  component.  However,  SAFE¬ 
GUARD  was  designed  to  discriminate  rotatry  vehicles  from 
aircraft,  satellites,  aurora,  and  meteors,  but  not  from  decoys 
of  the  types  expected  to  be  available  fo:  use  against  BMD  sys¬ 
tems  within  the  next  10-20  years.  The  only  disoiminatora  avail¬ 
able  to  SAFEGUARD  ware  idiased-array  radars.  Potmtial  coun¬ 
termeasures  againat  modem  BMD  ayatems  are  discussed  in 
chapters  ^0  and  U,  and  discriminators  in  chapter  4.  (^t^ona 
considered  for  both  include  technedogies  considerably  diftereat 
from  anything  available  for  or  against  SAFEGUARD. 
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design  will  be  simple.  Similarly,  one  carmot 
judge  whether  or  not  the  development  ’  roc- 
ess  will  be  appropriately  disciplined. 

Development  Approaches  That 
Have  Been  Suggested 

In  the  middle  ground  between  those  who  be¬ 
lieve  that  an  SDI  BMD  system  could  never 
be  made  trustworthy,  and  those  who  are  sure 
that  it  could,  are  some  software  developers  who 
are  unsure  about  the  feasibility.  The  view  some 
of  them  take  is  that  it  would  be  worthwhile 
to  try  to  develop  BMD  software,  given  that 
one  were  prepared  to  abandon  the  attempt  if 
the  system  could  not  be  shown  to  be  trustwor¬ 
thy.  The  approaches  they  suggest  have  the  fol¬ 
lowing  characteristics: 

•  The  purpose  of  the  system  would  have  to 
be  clearly  stated  so  that  the  requirements 
were  known  before  development  started. 


•  The  development  would  have  to  start  with 
what  was  best  known,  i.e.,  should  build 
upon  t  ue  knowledge  and  results  of  earlier 
U.S.  efforts  to  bidld  BMD  systems. 

•  The  development  would  have  to  be 
phased,  so  that  each  phase  could  build 
upon  the  results  of  the  previous  one.  The 
system  architecture  wo^d  have  to  be  con¬ 
sistent  with  such  phasing. 

•  Simulation  would  be  ne^ed  at  every 
stage,  and  the  simulations  would  have  to 
be  extremely  rerlistic. 

•  Realistic  tests  would  have  to  be  poformed 
at  each  stage  of  development. 

Because  failure  is  a  clear  possibility,  those 
who  advocate  this  approach  recognize  that  op¬ 
tions  to  deal  with  the  possibility  must  be  left 
open.  If  this  approach  were  adopted,  and  failed., 
the  cost  of  tne  attempt,  including  maintain¬ 
ing  other  options,  co^d  be  high. 


SUMMARY 


Estimating  Dependability 

Most  of  the  indices  of  dependability  for  large, 
complex  softw.  re  systems  would  be  missing  in 
BMD  software  systems.  In  particular,  the  tele¬ 
phone  switching  system,  often  cited  as  an  ex¬ 
ample  of  a  large,  complex  system,  is  quite  un- 
lilie  BMD  systems. 

The  characteristics  as.*  odated  v/ith  depend¬ 
ability  in  large,  complex  systems  include: 

•  a  history  r*  “^tensive  use  and  abuse, 

•  operation  in  a  predictable  environment, 

•  a  low  cost  of  failures  to  the  users, 

•  stable  requirements, 

evolution  from  well-understood  predeces¬ 
sor  systems, 

•  a  simple  design,  and 

•  a  disciplined  development  effort. 

The  absence  of  many  of  these  factors  means 
that  technology  beyond  the  present  state  of 
the  art  in  software  en^eering  might  have  to 
be  developed  if  there  is  to  be  a  chance  of  pro¬ 
ducing  dependable  BMD  software.  It  might 


be  argued  that  such  technology  v/ill  be  in¬ 
vented,  but  traditionally  progress  has  been 
slow  in  software  engineering  technology  de¬ 
velopment.  It  appears  that  the  nature  of  soft¬ 
ware  causes  progress  to  be  slow,  and  that  there 
is  no  prospect  for  makin  g  a  rascal  change  in 
that  nature. 

There  is  no  highly  reliable  way  to  demonstrate 
that  BMD  software  would  operate  p'^perly  when 
used  for  the  first  time.  One  of  the  long-term  pur¬ 
poses  of  the  National  Test  Bed  is  to  provide 
a  means  of  simulating  operation  of  BMD  soft¬ 
ware  after  deplo3rment.  Such  tests  could  simu¬ 
late  a  variety  of  threats  and  countermeasures, 
as  well  as  the  conditions  existing  in  a  nuclear 
environment.  On  the  other  hand,  actual  envi¬ 
ronments  often  exhibit  characteristics  not 
reproduced  in  a  simulator.  .Simulations  of  bat¬ 
tles  involving  BMD  would  have  to  reproduce 
enemy  countermeasures— a  particularly  dftfi- 
cult  task.  The  usual  technique  for  validating 
simulations— making  predictions  based  on  the 
simuletion  and  then  verifying  their  accuracy— 
would  be  particularly  cQfficult  to  use.  This 
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would  especially  be  true  when  one  considers 
the  complexity  of  the  atmospheric  effects  of 
nuclear  explosions  and  the  speculation  in* 
volved  in  determining  countermeasures.  Re¬ 
peated  failu;‘O0  in  sim^ation  tests  would  dem¬ 
onstrate  a  lack  of  dependability.  Successful 
performance  in  a  simulation  would  give  some 
confidence  in  the  dependability  of  the  system, 
but  neither  the  dependability  nor  the  confi¬ 
dence  could  be  measured.  Subjective  judg¬ 
ments  based  on  simulations  would  probably 
be  highly  controversial. 

Traditional  Reliability  Measures 

Traditional  measures  of  reliability,  such  as 
mean  time  between  failure,  are  insufficient  to 
cliaracterize  dependability  of  software.  Appro¬ 
priate  software  reliability  measures  have  yet 
to  be  fully  developed.  Furthermore,  in  the  de¬ 
bate  over  BMD  software  dependability  there 
is  often  confusion  over  the  meaning  of  relia¬ 
bility.  Error  rate,  e.g.,  number  of  errors  per 
KLOC,  is  often  misapplied  as  a  definition  of 
software  reliability.  There  is  no  single  figure 
of  merit  that  would  adequately  quantify  the 
dependability  of  BMD  software.  A  potentially 
useful  view  is  that  dependability  can  be  con¬ 
sidered  to  be  a  combination  of  qualitios  such 
as  trustworthiness,  correctness,  availability, 
fault  tolerance,  security,  and  safety.  Unfortu¬ 
nately,  there  are  no  go^  ways  of  quantifying 
some  of  these  properties  and  dependability 
would  have  to  be  a  subjtotive  judgment. 

Technology  for  Pi^venting 
Catastrophic  Failure 

OTA  found  no  evidence  that  the  software  engi¬ 
neering  technology  foreseeable  in  the  near  fu¬ 
ture  would  make  large  improvements  in  the  de¬ 
pendability  of  software  for  BMD  systems.  In 
particular  there  would  be  no  way  to  ensure  that 
BMD  software  would  not  fail  catastrophically 
when  first  used,  it  might  be  argued  that  the 
most  important  pert  of  dependability  is  fault 
tolerance,  and  that  there  exist  large,  complex 
systems  that  are  fault-tolerant,  such  as  the 
telephone  switching  system.  On  the  other 
hand,  the  fault  tolerance  of  such  systems  is 
small  compared  to  what  would  be  needed  for 


BMD,  since  they  are  not  under  attack  by  an 
intelligent  adversary  interested  in  destroying 
their  usefulness.  A  fiuther  complication  of  the 
argument  over  fault  tolerance  is  that  quantifi¬ 
cations  of  software  fault  tolerance  are  not  eas¬ 
ily  translated  into  measures  of  performance. 
At  the  same  time,  there  is  no  generally  ac¬ 
cepted  subjective  standard  of  fault  tolerance. 

Confidence  Based  on  Peacetime 
Testing 

Confidence  in  the  dependability  of  a  BMD 
system  would  have  to  be  derived  from  simu¬ 
lated  battles  and  tests  conducted  during  peace¬ 
time.  Getting  a  BMD  system  to  the  point  of 
passing  realistic  peacetime  tests  woidd  most 
likely  require  a  period  of  stability  during  which 
there  were  few  changes  made  to  the  software. 
Unfortunately,  the  system  developers  and 
maintainers  would  have  to  respond  to  changes 
in  threats  and  countermeasures  put  into  effect 
by  the  Soviets.  That  is,  the  Evicts  would 
partly  control  the  rate  at  which  changes  would 
have  to  be  made  to  the  system.  As  changes 
were  made,  the  system  would  again  have  to 
pass  tests  in  order  for  the  Uni^  States  to 
maintain  confidence  in  it. 

Accommodating  Changes  During  Peacetime 

Experience  with  complex  systems  shows 
that  changes  eventually  start  introducing  er¬ 
rors  at  a  rate  faster  than  they  can  be  removed. 
At  such  a  point  all  changes  must  be  stopped 
and  new  software  developed.  The  extent  to 
which  changes  could  be  made  would  depend 
on  the  foresight  of  the  developers  during  the 
design  of  the  software.  The  better  the  require¬ 
ments  were  understood  at  that  time,  and  the 
better  the  potential  changes  were  predicted, 
the  more  the  chance  that  the  software  could 
accommodate  changes  as  they  occurred.  The 
appearance  of  an  unforeseen  threat  or  coun¬ 
termeasure,  or  simply  the  advent  of  new,  un¬ 
expected  technology,  might  require  redevelop¬ 
ment  of  all  or  substantial  parts  of  the  software. 
In  a  sense,  the  useful  lifetime  of  the  software 
would  be  determined  by  how  well  the  software 
developers  understood  the  requirements  ini¬ 
tially. 


Mwitm  f'ii 
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Establishing  Goals  and  Requirements 

Explicit  performance  and  dependability 
goals  for  BMD  have  not  been  established.  Con¬ 
sequently,  one  cannot  set  explicit  software  de¬ 
pendability  goals.  Even  when  BMD  goals  have 
been  set,  it  will  be  difficult  to  derive  explicit 
softv/are  dependability  goals'  from  them;  there 
is  no  clear  mapping  between  system  dependa¬ 
bility  and  software  dependability.  All  agree 
that  perfect  software  dependability  is  unat¬ 
tainable.  Only  arguments  by  analogy,  e.g.,  as 
dependable  as  an  automobile  or  telephone, 
have  been  proposed.  There  is  no  common  agree¬ 
ment  on  what  the  dependability  needs  to  be, 
nor  how  to  measure  it,  except  that  it  must  be 
high. 

There  is  common  agreement  that  standard 
DoD  procedures  for  developing  software  are 
not  adequate  for  producing  dependable  BMD 
software  in  the  face  of  rapidly  changing  re¬ 
quirements.  There  are  few  convincing  pro¬ 
posals  as  yet  on  how  to  improve  the  proce¬ 
dures.  The  developers  should  not  be  expected 
to  produce  an  adequate  system  on  the  tirst  try. 
As  Brooks  says  in  discussing  large  software 
systems: 

In  most  projects,  the  first  system  built  is 

barely  usable.  It  may  be  too  slow,  too  big,  too 


awkward  to  use,  or  all  three.  There  is  no  alter¬ 
native  but  to  start  again,  smartin,"  but 
bmarter,  and  build  a  r^esigned  version  in 
which  these  problems  are  solved. ...  all  large- 
system  experience  shows  that  it  will  be  done. 
Where  a  new  system  concept  or  new  technol¬ 
ogy  is  used,  one  has  to  build  a  system  to  throw 
away,  for  even  the  best  planning  is  not  so  om¬ 
niscient  as  to  get  it  right  the  first  time. . . . 

Hence  plan  to  throw  one  nway:  you  will,  any¬ 
how.** 

BMD  software  may  be  an  order  of  magni¬ 
tude  larger  than  any  software  system  yet 
produced.  Early  estimates  of  software  size  for 
projects  are  notoriously  inaccurate,  often  by 
a  factor  of  3  or  more.  Some  argue  that  the  use 
of  an  appropriate  systems  architecture  can 
make  SDI  software  comparable  in  size  to  the 
largest  existing  systems.  On  the  other  hand, 
none  of  the  intermediate  or  far-term  architec¬ 
tures  yet  proposed  would  appear  to  have  this 
effect,  and  previous  experience  with  large  soft- 
ware  systems  indicates  that  the  size  is  likely 
to  be  larger  than  current  estimates.  Such  an 
increase  in  scale  could  cause  unforeseen  prob¬ 
lems  to  dominate  the  development  process. 


••Frederick  P.  Brooks.  Jr.,  The  Mythical  MaghMoath:  Essays 
OD  Software  Engineering  <New  Ywk,  NY:  Addison-Wesley, 
1975).  p.  116. 


SDIO  INVESTMENT  IN  BATTLE  MANAGEMENT,  COMPUTING 
TECHNOLOGY,  AND  SOFTWARE 


SDIO’s  battle  management  program  serves 
as  the  focus  for  addressing  many  of  the  com¬ 
munications,  computing,  and  software  tech¬ 
nology  problems  discuss^  in  chapters  7,8,  and 
9.  Bas^  on  funding  and  project  description 
data  supplied  by  SDIO,  this  section  anal3f^s 
how  SDIO  is  poending  its  money  to  try  to  solve 
these  problems.  The  battle  management  pro¬ 
gram  is  organized  into  eight  areas: 

1.  software  technology  program  plan:  devel¬ 
oping  and  implementing  a  software  tech¬ 
nology  program  for  the  SDIO: 

2.  algoritfans:  development  of  algorithms  for 
sol'ving  battle  management  problems  such 


as  resource  allocation,  track  data  hand¬ 
ing  over,  discrimination,  and  coordination 
of  actions  within  a  distributed  system; 

3.  communications:  identifying  the  reqiiire- 
ments  and  technology  for  establishing  a 
communications  system  to  link  SDI  com¬ 
ponents  together  into  a  BMD  system; 

4.  experimental  systems:  proposing  and 
evaluating  system  and  battle  manage¬ 
ment  arcMtectures  and  the  technologies 
for  implementing  them; 

5.  networks:  the  design  and  development  of 
distributed  systems  and  of  communica¬ 
tions  networl^  that  could  be  used  to  sup¬ 
port  BMD; 
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6.  The  National  Test  Bed:  procurement  of 
hardware  and  software  n^ed  for  the  Na¬ 
tional  Test  Bed; 

1.  processors:  development  of  computers 
that  would  be  sufficiently  powerful,  radia¬ 
tion-hardened,  fault-tolerant,  and  secure 
for  BMD  needs,  and  of  the  software  re¬ 
quired  to  operate  them;  and 

8.  software  engineering:  the  technology  for 
developing  and  maintaining  software  for 
SDI,  including  techniques  and  tools  for 
requirements  specification,  design,  cod¬ 
ing,  testing,  maintenance,  and  manage¬ 
ment  of  the  software  life-cycle. 

Table  9-2  is  a  snapshot  of  the  funding  for 
these  areas  as  of  June  1987.  Rather  than  show¬ 
ing  the  fiscal  year  1987  SDIO  battle  manage¬ 
ment  budget,  it  shows  money  that  at  that  time 
had  been  spent  since  the  inception  of  the  pro¬ 
gram,  that  was  then  under  contract,  or  ^at 
was  expected  soon  to  be  under  contract.  It  is 
a  picture  of  how  the  SDIO  was  investing  its 
money  to  solve  battle  management  problems 
over  the  first  few  years  of  the  program.  Not 
shown  is  money  invested  by  other  agencies, 
such  as  the  Defense  Advanced  Research  Proj¬ 
ects  Agency,  in  joint  projects.  The  leverage 
attaint  by  SDIO  in  some  areas  is  therefore 
greater  than  might  appear  from  the  table. 

The  SDIO  battle  management  program 
clearly  emphasizes  experimental  systems.  Ex¬ 
amination  of  the  individual  projects  in  this  area 
shows  a  concentration  on  the  devdopment  and 
maintenance  of  simulations  and  simulation  fa¬ 
cilities,  such  as  the  Army’s  Strategic  Defense 
Command  Advanced  Research  Center  Test 


Table  9-2.— SDIO  Battle  Management  Investment 

Funding  Percent  of 


Area _ ($M) _ to'.al 


Software  technology  program  plan  . .  2.5  1 

Algorithms .  25.3  9 

Communications .  8.1  3 

Experimental  systems . 117.5  42 

National  Test  .  13.0  5 

Networks .  29.6  11 

Processors .  47.1  17 

Software  engineering . ^32.8  12 

Total .  275.9  100 


Bed,  used  to  run  battle  simulations;  on  ar¬ 
chitecture  analyses,  such  as  the  phase  I  and 
II  battle  managementyC*  architecture  studies; 
and  on  the  first  two  Experimental  Validation 
88  (EV88)  experiments. 

The  funding  categories  shown  in  table  9-2 
permit  considerable  overlap;  projects  in  each 
category  could  easily  be  assigned  to  a  differ¬ 
ent  category.  To  try  to  draw  clearer  distinc¬ 
tions  among  categories  and  to  try  to  identify 
funding  targeted  specifically  at  the  problems 
discussed  in  chapters  7  through  9,  OTA  reor¬ 
ganized  the  fun^g  data  supplied  by  SDIO. 
Table  9-3  shows  just  those  fimds  aimed  at  ex¬ 
ploring  solutions  to  some  of  the  more  signifi¬ 
cant  problems  noted  in  chapters  7  through  9. 
It  does  not  include  all  funds  shown  in  table 
9-2,  but  does  show  percentages  of  total  fund¬ 
ing.  The  categories  are  defined  as  follows: 

1.  battle  management  and  system  simula¬ 
tions:  the  development  of  particular  simu¬ 
lation  algorithms  or  specialized  hardware 
for  battle  management  simulations; 

2.  emulation  technology  development:  the 
development  cf  the  lu^ware  and  software 
for  bigger,  faster  simulations,  and  for  im¬ 
proving  techniques  for  evaluating  the  re¬ 
sults  of  simulations; 

3.  automating  existing  software  engineering 
technology:  the  development  of  software 
and  hardware  that  would  be  used  to  im¬ 
prove  the  software  devdopment  and  noain- 
tenance  process,  which  is  now  based  on 
existing  manual  techniques; 


Tabhi  94.— Funding  for  OTA  Spneifind  PraMwnt 

Funding  Psrcentof 


Problwii _ ($M)  total* 

BattK  managanwnt  and  system  simulations  .  42.5  15 

Simulation  technology  deve'opment .  35.7  13 

Automating  existing  sothxrare  engineering 

technology .  14.2  5 

Computer  security .  10.3  4 

Communications  networks .  7.8  3 

Software  verification .  4.6  2 

Fault  tolarance  (hardware  and  software) .  3.1  1 

Software  engineering  technology  development _  2.5  1 

Total . 120.6  44 


at  MU  Mni  iwueamM  iwMiie.  i.« .  <1  itrsoM 
SOUKS.  OMu  at  TtcMMogy  1900:  mt  SOtO. 


SOURCE;  OffiCB  of  TBChnoiogy  AMMsmont,  1968;  and  SDIO. 
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4.  computer  security:  techniques  for  detect* 
ing  and  preventing  unauthorized  access 
to  computer  systems; 

5.  communications  networks:  ths  organize* 
tion  of  computer-controlled  communica* 
tions  equipment  into  a  network  that  could 
meet  SDI  communications  requirements; 

6.  software  verification:  the  development  of 
practical  techniques  for  mathematically 
proving  the  correctness  of  computer 
programs; 

7.  fault  tolerance  (hardware  and  software): 
the  devdopment  of  hardware  and  software 
that  continues  to  work  despite  the  occur* 
rence  of  failures;  and 


8.  software  engineering  technology  develop- 
ment:  the  development  of  new  techniques 
for  improving  the  dependability  of  soft¬ 
ware  and  the  rate  at  which  dependable 
software  can  be  produced. 

Table  9-3  shows  that  SDIO  is  investing  con¬ 
siderably  more  in  simulations  and  simulation 
technology  than  any  of  the  other  problem  areas 
in  battle  management  and  computing  identi¬ 
fied  by  OTA.  Of  some  concern  is  the  smallness 
of  the  investment  in  especially  challenging  areas 
srch  as  computer  security,  communications  net¬ 
works,  fairlt  tolerance,  and  sew  software  engi- 
necting  technology  development. 


CONCLUSIONS 


Based  on  both  the  preceding  analysis,  and 
the  further  exposition  in  appendix  A,  OTA  has 
reached  eight  major  condusions. 

1.  The  dependability  of  BMD  software  would 
have  to  be  estimated  subjectively  and  with¬ 
out  the  benefit  of  data  or  experience  from  bat¬ 
tle  use.  The  nature  of  software  and  our  experi¬ 
ence  with  large,  complex  software  systems, 
including  weapon  systems,  together  indicate 
that  there  would  always  be  hresolvable  ques¬ 
tions  about  how  dependable  the  BMD  soft¬ 
ware  was,  and  also  about  the  confidence  to 
be  placed  in  dependability  estimates.  Politi¬ 
cal  decision-makers  wotdd  have  to  keep  in 
mind  that  there  would  be  no  good  technical 
answers  to  questions  about  the  dependabil¬ 
ity  of  the  software,  and  no  wdl-founded  tech¬ 
nical  definition  of  software  dependability. 

It  is  important  to  note  that  the  Soviets 
would  have  similar  problems  in  tiying  to 
estimate  t''e  dependability  of  the  software, 
and  therefore  the  potentid  performance  of 
the  system.  Technical  judgments  of  depend- 
abLIity  would  rely  on  peacetime  tests  that 
would  be  unlikely  to  apply  to  battle  condi¬ 
tions.  Political  judgments  about  the  credi¬ 
bility  of  the  defense  provided  would  there¬ 
fore  rest  on  very  uncertain  technical  grounds. 

2.  No  matter  how  much  peacetime  testing  were 
done,  there  would  be  no  guarantee  that  the 


system  would  not  fail  catastrophicalV  dur¬ 
ing  battle  as  a  result  of  a  software  error.  Fur¬ 
thermore,  experience  with  large,  complex  soft¬ 
ware  systems  that  have  unique  requirements 
and  use  technology  untested  in  Imttle,  such 
as  a  BMD  system,  indicates  that  there  is  a 
significant  probabiUty  that  a  catastrophic  fail¬ 
ure  caused  by  a  software  error  would  occur 
in  the  system’s  first  battle. 

3.  It  is  possible  that  an  administration  and  a 
Congress  would  reach  the  political  decision 
to  “trust”  software  that  passed  all  the  tests 
that  could  be  devised  in  peacetime,  despite 
the  irresolvable  doubts  about  whether  such 
software  might  fail  catastrophically  the  first 
time  it  was  used  in  an  actual  battle.  Such 
a  decision  could  be  based  upon  the  argument 
that  the  purpose  of  strategic  forces— even 
defensive  strategic  f^m^— is  primarily  deter¬ 
rence,  and  that  a  defensive  system  passing  all 
its  peacetime  tests  would  be  adequate  for  de¬ 
terrence.  If  deterrence  succeeded,  we  would 
never  know,  and  never  need  to  know,  whether 
the  system  would  function  in  w'artime. 

4.  The  extent  to  which  BMD  software  would  dif¬ 
fer  from  complex  software  systems  that  have 
proven  to  be  dependable  in  the  past  raises  the 
possibility  that  software  could  not  be  created 
that  ever  passed  its  peacetime  tests.  This  a 
possibility  exacerbated  by  the  prospect  of 
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changing  requirements  caused  by  Soviet  ac¬ 
tions.  We  might  arrive  at  a  situation  in 
which  fixing  problems  revealed  by  one  test 
created  new  problems  that  caused  the  soft¬ 
ware  to  fail  the  next  test. 

5.  No  adequate  models  exist  for  the  develop¬ 
ment,  production,  test,'  and  maintenance  cf 
software  for  fuU-s^e  BMD  systems.  Current 
DoD  models  of  the  software  life-cycle  and 
methods  of  software  procurement  appear  in- 
adequate  for  the  job  of  building  software  as 
large,  complex,  and  dependable  as  BMD 
software  would  have  to  be. 

6.  The  system  architecture,  the  technologies  to 
be  used  in  the  system,  and  a  consistent  set 
of  performance  requirements  ovw  the  lifetime 
of  the  system  must  be  established  before  start¬ 
ing  software  development.*'  Otherwise,  the 
system  is  unlikely  even  to  pass  realistic 
peacetime  tests. 


•’Note  that  this  does  not  preclude  a  phased  system,  mth  both 
capabilities  and  requirements  growing  over  time,  provided  that 
the  final  architecture  and  final  performance  requirements  are 
clear  before  initial  software  development  begins.  Even  then,  con* 
sidering  the  uniqueness  of  BMD  defense,  one  would  expect  to 
spend  considerable  time  fmding  a  workable  design. 


7.  As  the  strategic  goals  for  a  BMD  system  be¬ 
came  more  stringent,  confidence  in  one’s  abU- 
ity  to  produce  software  that  would  meet  those 
goals  would  decrease  as  a  result  of  the  in¬ 
creased  complication  required  in  the  software 
design.  Even  for  modest  goals,  such  as  im¬ 
proved  deterrence,  the  United  States  could 
not  have  high  confidence  that  the  software 
would  not  fail  catastrophically,  whether 
faced  with  a  modest  threat  or  a  severe 
threat.  Put  another  way,  there  is  no  good 
way  of  knowing  that  BMD  software  would 
degrade  graceftiUy  rather  than  fail  catas¬ 
trophically  when  called  on  to  face  increas¬ 
ing  levels  of  threat.  Current  techniques  for 
identifying  problems  and  detecting  errors, 
such  as  simulations,  would  not  help,  d- 
though  they  could  help  to  reduce  the  fail¬ 
ure  rate.  Furthermore,  foreseeable  improve¬ 
ments  in  software  engineering  technology 
would  not  change  this  situation. 

8.  The  SDIO  is  investing  relatively  small 
amounts  of  monpy  in  software  technology  re¬ 
search  in  general,  end  in  software  engineer¬ 
ing  technology,  computer  security,  communi¬ 
cations  networks,  and  fault  tolerance  in 
particular.  This  investment  strategy  is  of 
some  concern,  since  particularly  challeng¬ 
ing  BMD  software  development  problems 
lie  in  these  areas. 
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Appendix  A 

Technology  for  Producing 
Dependable  Software 


Introduction 

Chapter  9  of  this  report  often  refers  to  the  tech¬ 
nology  of  specific  phases  in  the  software  life  cycle. 
The  application  of  such  technology  is  known  as 
software  engineering.  This  appenefix  describes  the 
state  of  the  art  in  software  engineering  and 
prospects  for  improvements  in  the  state  of  that 
art.  It  serves  as  a  tutorial  for  those  imfamiliar  with 
Department  of  Defense  (DoD)  software  develop¬ 
ment  practices.  It  provides  supporting  detail  for 
the  discussions  in  chapter  9  of  the  technology  avail¬ 
able  Tor  producing  dependable  systems. 

Origins  of  Software  Engineering 

The  term  ‘‘software  engineering**  originated  in 
1968.  Around  that  time,  computer  scientists  be-* 
gan  to  focus  on  the  difficulties  they  encountered 
in  developing  complicated  software  systems.  A  re¬ 
cent  definition  of  software  engineering  is: 

...  the  application  of  science  and  mathematics  by 
which  the  capabilities  of  computer  equipment  are 
made  useful  to  man  via  computer  programs,  pro¬ 
cedures,  and  associated  documentation.* 

Another  recent  definition  adds  requirements  for 
precise  management  and  adherence  to  schedule 
and  cost: 

Software  engineering  is  the  technological  and 
managerial  discipline  concerned  with  systematic 
production  and  maintenance  of  software  products 
that  are  developed  and  modified  on  time  and  within 
cost  estimates.* 

The  Institute  of  Electrical  and  Electronic  Engi¬ 
neers  (IEEE)  defines  software  engineering  as: 

The  systematic  approach  to  the  development, 
operation,  maintfoance,  £::d  retirement  of 
software.* 

Before  the  late  1960s,  managers  paid  little  at¬ 
tention  to  the  systematizing  of  software  construc¬ 
tion  building.  Most  software  systems  were  not 
complicated  enough  to  occupy  large  numbers  of 
people  for  long  periods  of  time.  Existing  computers 


'Barry  W.  Boehm,  Softwn  Engiowing  EcoDomia  (Englewood 
Cliffs.NJ:  Prentice-HaU,  1981).  p.  16. 

’Richard  Fairley.  Software  Engineering  Concepta,  (New  York: 
McGraW'Hiil.  1985),  p.  2. 

*1EEE  Stenderd  Gloasery  of  Software  Engineering  Terminology, 
IEEE  Standard  729-1983. 


were  not  big  or  fast  enough  to  solve  very  compli¬ 
cated  problems: 

As  long  as  there  were  no  machines,  Program¬ 
ming  was  no  problem  at  all;  when  we  had  a  few 
weak  computers,  Programming  became  a  mild 
problem,  and  now  that  we  have  gigantic  com¬ 
puters,  Programming  has  become  an  equally  gigan¬ 
tic  problem.* 

Software  engineering  technology  has  improved 
since  1972,  but  not  as  quickly  as  the  capabilities 
of  computers.  Studies  in  software  engineering  tech¬ 
nology  transfer  show  that  ideas  t3rpically  take  18 
years  to  move  from  research  environments,  such 
as  universities  and  laboratories,  to  common  use.* 
Ehiring  this  time,  considerable  experimentation 
and  repackaging  occur. 

Advances  in  software  engineering  technology 
often  take  the  form  of  better  techniques  for  pro¬ 
gram  design  and  implementation.  Some  techniques 
demand  no  more  than  a  pencil  and  paper  and  an 
understanding  of  their  concepts.  Moat,  however, 
become  parti^y  or  fully  automated.  The  form  of 
automation  is  generally  a  computer  program, 
known  as  a  “software  engineering  tool.’*  One  ex¬ 
ample  is  the  compiler— wUeb  helps  to  debug  other 
pro^ams;  another  is  a  program  that  checks  the 
consistency  of  software  specifications.  Because 
software  engineering  tools  themselves  take  the 
form  of  complex  computer  programs,  they  are  sub¬ 
ject  to  the  typical  problems  involved  in  producing 
complex,  trustworthy  software.  This  fact  helps  ex¬ 
plain  why  software  engineering  technology  lags 
hardware  engineering  technology. 

The  trend  toward  use  of  software  engineering 
tools  seems  to  be  growing,  as  evidenced  by  such 
projects  as: 

•  DoD’s  Software  Technology  for  Adaptable, 
Reliable  Systems  (STARS),  whose  purpose  has 
been  to  produce  an  integrated  set  of  tools  for 
DoD  software  engineers; 


’Edsger  W.  Dijkstra.  ‘The  Humble  ProgramiDer.**  Communicetiona 
of  the  ACM,  1&(10):85986€,  1972. 

•Williem  F..  Riddle.  ‘The  Ma^c  Number  18  Phie  or  Minus  Three:  A 
Study  of  Software  Technology  Maturation,"  ACM  Software  Engineer¬ 
ing  Notee,  voL  9.  No.  2,  1984,  pp  21-37. 

The  figure  of  18  years  for  technok^  transfer  is  consistent  with  other 
engineering  fields  during  periods  of  technological  innovation,  as  ana¬ 
lyzed  in  Gerhard  O.  Menach,  Staiemate  in  TecJuMiogyiCainlNidge,  M A: 
Ballinger.  1979). 
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•  the  Software  Productivity  Consortium, 
formed  to  produce  software  engineering  tools 
for  its  client  members,  including  many  of  the- 
nation’s  largest  Aerospace  companies;  and 

•  the  Microcomputer  and  El#*ctrOiiics  Consor¬ 
tium,  one  of  whose  purposes  is  to  produce  bet¬ 
ter  software  engineering  technology  for  its  cli¬ 
ent  members. 

State  of  thp  Art  in  Software 
Engineering 

This  section  discusses  the  current  state  of  the 
art  in  software  engineering  technology.  It  consid¬ 
ers  the  application  of  that  technology  to  system¬ 
atic  approaches  to  software  development.  Finally, 
it  reviews  recent  proposals  for  improvements  in 
software  engineering  to  aid  in  the  development  of 
ballistic  missile  defense  (BMD)  software. 

The  Software  Development  Cycle 

The  process  of  developing  and  maintaining  soft¬ 
ware  for  military  use  is  described  in  DoD  mOitary 
standards  documents  as  the  “software  life  cycle.” 
The  description  here  is  simplified  for  the  purposes 
of  this  report.  The  activities  described  are  common 
to  nearly  all  DoD  projects,  though  they  vary  in  the 
amount  of  attention  paid  to  each,  the  products 
produced  by  each,  and  the  number  and  kind  of 
subactivities  in  each. 

Furthermore,  the  Initial  set  of  activities  de¬ 
scribed  encompasses  only  development,  up  to  the 
point  of  acceptance  of  the  system  by  DoD.  Our 
description  lumps  activities  following  development 
into  the  category  of  “maintenance,”  which  is  dis¬ 
cussed  in  a  separate  section.  Finally,  the  activities 
described  here  generally  conform  to  the  model  of 
development  set  forth  in  the  DoD  Standard  (No. 
2167)  for  software  development.  Conunercial  de¬ 
velopment  and  advanced  laboratory  work  may  fol¬ 
low  considerably  different  procedures  (although  all 
tend  to  produce  documentation  similar  in  intent 
to  that  described  in  the  following  sections). 

Feasibility  Anal>si8 

The  first  phase  of  development  is  an  analysis  of 
the  DoD’s  operational  needs  for  the  propos^  sys¬ 
tem.  This  phase  may  start  with  a  series  of  stuches 
of  the  feasibility  of  meeting  those  needs.  The  re¬ 
ported  results  of  the  feasibility  studies  are  often 
based  on  computer  simulations  of  the  situations 
that  the  system  would  have  to  handle.  The  envi¬ 
ronment  in  which  the  system  would  operate  may 


be  characterized  in  terms  of  quantifiable  parame¬ 
ters.  This  process  is  analogous  to  telephone  com¬ 
pany  analyses  of  the  traffic  load— the  number  of 
calls  per  hour  expected  at  different  times  of  the 
day,  week,  and  year— to  be  placed  on  a  new  switch¬ 
ing  center.  The  feasibility  analysis  may  be  per¬ 
formed  on  a  contract  basis  by  systems  analysts 
who  are  not  software  engineers.  In  the  case  of  the 
Strategic  Defense  Initiative  (SDI),  systems 
analysts  who  are  familiar  with  BMD  have  done 
mu.h  of  the  feasibility  analysis  as  pai  t  of  the  com¬ 
petitive  system  architecture  contracts  (see  ch.  3). 

Feasibility  analysis  sometimes  includes  con- 
scructing  a  software  prototype  designed  to  inves¬ 
tigate  a  few  specific  issues,  for  example,  what  the 
mode  of  interaction  between  human  and  computer 
should  be  or  which  tracking  algorithms  would  work 
best  under  different  circumstances.  Most  system 
functions  are  not  implemented  in  protot3rpes.  To 
save  time,  the  development  of  prototype  software 
does  not  follow  the  standard  cycle.  Software  in  the 
prototype  is  not  usually  suitable  for  reuse  in  the 
actual  system.  The  prototype  is  usually  discarded 
at  the  end  of  the  software  development  cycle. 

The  end-product  of  the  feasibility  analysis  is  a 
document  that  describes  what  functions  the  new 
system  needs  to  perform  and  how  it  will  work.  This 
report  is  sometimes  called  a  “concept  of  opera¬ 
tions”  01  an  “operational  requirements”  document. 
The  operation^  requirements  document  will  form 
the  basis  for  a  request  for  proposals  to  potential 
development  conti  actors.  Once  the  contract  has 
been  awarded,  the  document  will  underlie  the  state¬ 
ment  of  requirements  iu  be  met  by  the  system— 
that  is,  the  description  of  what  the  contractor  must 
build.  The  (SDI)  battle  management  software  de¬ 
velopment  project  is  currently  in  the  feasibility 
analysis  stage. 

Software  Requirements  Analysis 
and  Specification 

Software  engineers  enter  the  software  develop¬ 
ment  process  at  the  software  requirements  analy¬ 
sis  and  specification  phase.  From  their  interpreta¬ 
tion  of  the  operational  requirements  document, 
they  write  a  requirements  or  performance  “speci¬ 
fication”  for  the  software  (including  how  it  is  to 
interface  with  other  systems).  Upon  government 
approval,  this  specification  document  supplies  the 
contractual  criteria  of  acceptability  of  the  software 
to  the  government.  The  specification  differs  from 
the  operational  requirements  as  follows; 

•  It  is  mote  detailed  than  the  operational  re¬ 
quirements  statement.  Where  the  latter  may 


vaguely  describe  the  functions  to  be  per¬ 
formed,  such  as  “simultaneously  track  10,000 
missiles,  “  the  raquireinents  specification  will 
describe  a  seqi  lence  of  subfunctions  needed  to 
implement  the  oi>erational  requirement.  The 
description  of  each  subfunction  will  include  a 
description  of  the  Input  supplied  to  tne  sub- 
function,  the  output  product  by  it,  and  a  brief 
explanation  of  the  algorithm  by  which  the  in¬ 
puts  are  transformed  into  outputs. 

For  example,  a  subfunction  of  tracking  muy 
be  to  update  the  track  for  a  particular  missile. 
The  inputs  of  that  subfunction  are  the  current 
file  of  tracks  and  a  new  track  report.  Its  out¬ 
put  is  an  updated  track  fUe.  The  algorithm 
might  consist  of  the  following  steps: 
—retrieve  the  existing  track  for  the  missile 
from  the  track  database; 

—update  the  position,  vdodty,  acceleration, 
and  time  of  last  report  components  of  the 
missile  track;  and 

—store  the  updated  track  entry  back  into 
the  database. 

•  It  describes  the  interfaces  between  the  new 
system  and  all  the  other  systems  with  which 
it  must  interact.  Sometimes  these  interfaces 
are  described  in  a  separate  document. 

•  It  describes  the  interfaces  to  the  hardware  de¬ 
vices  that  the  software  must  control,  such  as 
weapc' s,  or  from  which  the  software  must  ob¬ 
tain  information,  such  as  navigation  devices 
like  inertial  guidance  units. 

When  the  requirements  specification  is  complete, 
the  government  holds  a  “requirements  review*'  at 
which  it  decides  what,  if  any,  changes  must  be 
made.  The  specification  becomes  a  contractually 
binding  document  and  is  passed  on  to  the  software 
designers.  The  review  is  the  last  time  at  which  re¬ 
quirements  errors  can  be  coirected  cheaply:  few 
assumptions  have  yet  been  made  about  the  way 
the  requirements  wiil  be  implemented  as  computer 
programs.  Procedures  known  as  “configuration 
control*’  are  established.  These  ensure  that  the 
specification  is  not  arbitrarily  changed.  The  speci¬ 
fication  becomes  the  “baseline  requirements  speci¬ 
fication.’’  All  further  changes  go  chr  jugh  a  formal 
approval  cycle,  requiring  the  concurrence  of  a  com¬ 
mittee  known  as  a  “configuration  control  board.’’ 

Design 

The  purpose  of  the  design  phase  is  to  produce 
a  “program  de^i^ign  specification’’  of  how  a  com¬ 
puter  program  can  be  written  to  satisfy  the  require¬ 
ments  specification.  The  design  specificatiun  usu¬ 


ally  describes  the  division  of  the  software  into 
components.  Each  component  may  be  subdivided 
again,  with  the  subdivision  process  eventually  end¬ 
ing  in  subcomponents  that  can  be  implemented  as 
in^vidual  subprograms  or  collections  of  data  The 
components  res'dting  from  the  first  subdivision, 
sometimes  called  “configuration  items,”  are  used 
to  track  the  status  of  the  system  throughout  its  ( 
lifetime.  j 

The  organization  that  emerges  from  the  design  ! 

process  is  known  as  the  structure  of  the  software,  \ 

and  the  criteria  used  are  called  “structuring  cri¬ 
teria”  The  relationship  among  components  de¬ 
pends  on  the  criteria  us^  in  the  subdivision  proc¬ 
ess.  For  example,  if  the  criterion  for  subdivision 
is  function,  at  the  first  subdivision  a  component 
cslled  “tracking”  might  be  formed.  At  the  second 
level  one  might  find  tracking  subdivided  into  func¬ 
tions  such  as  “obtain  object  track”  and  “update 
object  track.”  Such  a  sub^vision  is  called  a  “func¬ 
tional  decomposition.” 

A  very  different  criterion  is  tjrpe  of  change.  At 
the  first  ^evel  one  might  then  see  components  such  \ 

as  aU  decisions  that  will  change  if  the  hardware 
changes  and  all  decisions  that  will  change  if  soft¬ 
ware  requirements  change.  At  the  second  level  one 
might  find  hardware  decisions  subdivided  into  de¬ 
cisions  about  sensor  hardware,  decisions  about 
weapons  hardware,  and  decisions  about  computer 
hardware.  Such  an  organization  is  called  an  “in¬ 
formation  hiding  decomposition.” 

The  structuring  criteria  are  key  to  understand¬ 
ing  the  design  and  the  trade-offs  it  embo^es.* 

Those  who  use  functional  decomposition  argue 
that  it  results  in  software  that  performs  more  effi¬ 
ciently.  Those  who  use  information  hiding  argue 
that  it  results  in  software  that  is  easier  to  main¬ 
tain  because  it  is  easier  to  demonstrate  correct  and 
easier  to  understand.  Other  criteria  optimize  for 
other  factors,  for  example,  fault-tolerance,  security, 
and  ease  of  use.  As  might  be  expected,  there  is  no 
single  criterion  that  simultaneously  optimizes  all 
design  goals. 

An  important  purpose  of  the  design  specifica¬ 
tion  is  to  describe  the  “interfaces”  among  compo¬ 
nents.  The  interfaces  consist  of  the  data  to  be 
passed  from  one  component  to  another,  the  se-  • 


Kiood  designers  fiiKl  it  UBehil  to  atnictun  the  design  in  Mverd  diffar 

ant  wtys  to  permit  study  of  different  trnde^ffs.  For  u 

informstioa-hiding  decomposition  is  useful  io  optimising  for  chsngee 
later  in  the  life<ycle  of  the  so.twars.  A  functional  deco^^x)aition 
ensure  that  all  functions  are  performed  and  makes  it  easy  to  analyse 
the  efficiency  of  software.  An  important  problem  for  the  desigasr  is  to 
be  able  to  represent  the  cUffereot  design  structures  so  that  tiuy  arseoo- 
aiatant  with  aach  othar. 


quences  of  events  to  be  used  in  coordinating  the 
actions  of  the  componentSt  the  conditions  un¬ 
der  which  the  components  interact.  Once  the  in¬ 
terfaces  are  established,  individual  design  teams 
may  design  each  component.  Since  each  component 
may  interact  with  several  others,  agreement  on  the 
interfaces  is  crucial  for  effective  cooperation  among 
the  design  teams. 

Such  agreement  is  equall}'  important  for  those 
who  must  later  implement  the  design  as  a  com¬ 
puter  program.  A  mistaken  assumption  about  an 
interface  will  result  in  an  e;  or  in  the  software  and 
a  faili^  in  the  operation  of  the  software.  A  change 
in  an  interface  r^’itres  agreement  among  all  those 
working  on  the  interfacing  components,  and  may 
result  La  redoing  weeks  or  months  of  work.  Get¬ 
ting  the  interfaces  right  is  generally  agi*eed  to  be 
the  most  difficult  part  of  developing  complex 
software. 

During  the  design  process  several  reviews  of  the 
design  are  held.  The  purpose  of  the  reviews  is  to 
ensure  that  the  design  is  feasible  and  correctly  im¬ 
plements  the  requirements.  Early  reviews  on  will 
be  a  “preliminary  design  review."  When  the  de¬ 
signers  feel  that  the  design  specification  is  suffi¬ 
ciently  complete  to  be  turned  into  computer  pro¬ 
grams,  they  hold  a  final,  “critical  design  review." 
Errors  found  at  this  point  can  still  be  corrected 
relatively  cheaply.  Once  they  become  embedded  in 
programs  they  are  very  much  more  difficult  to  find 
and  correct.  Each  design  review  results  in  changes 
to  the  design  specification.  Once  the  changes  are 
completed,  the  design  specification  becomes  the 
basis  for  producing  computer  programs.  It  is  then 
placed  under  configuration  control,  much  as  the 
approved  requirements  specification  is. 

Code 

The  pre^ss  of  translating  the  program  design 
specification  into  computer  programs  is  known  as 
“coding."  By  DoD  policy,  command  and  control 
systems,  weapons,  and  other  software  develop¬ 
ment  projects  must  use  a  DoD  standard  program¬ 
ming  langua^.^  Individual  programmers  work 
from  the  design  specification  to  implement  the 
components  as  computer  programs.  The  more  com¬ 
pletely  and  precisely  the  components  and  their  in¬ 
terfaces  are  defined,  the  less  communication  is  re¬ 
quired  imong  the  programmers.  They  can  then 
work  indipendently,  in  paraUel.  An  incomplete  or 

'Currvnt  OoD  policy  maxKUtas  the  UM  of  Ada  M I  ttaxxlard  program¬ 
ming  language,  unfees  the  devefeper  of  a  system  obtains  a  waiver.  Prior 
to  the  advent  of  Ada,  each  service  bad  iu  own  stendaid  programming 
language.  ^ 


ambiguous  specification  requires  the  programmers 
to  make  design  decisions,  often  with  incomplete 
and  unrecord^  communication  among  each  other. 

Progrsmming  is  writing  instructions  for  a  com¬ 
puter  to  perform  a  function  described  in  the  de¬ 
sign  specification.  The  instructions  are  packaged 
together  as  a  subprogram  or  a  set  of  subprograms 
that  cooperate  to  perform  the  function.  Before  it 
can  be  executed,  a  subprogram  must  be  translated 
by  a  (»mpiler  from  the  programming  language  into 
machine  language.  Part  of  the  progranuning  job 
is  to  devise  and  perform  tests  on  each  subprogram 
to  show  that  it  works  properly.  A  programmer  usu- 
^y  goes  through  sever^  cycles  of  writing,  test¬ 
ing,  and  revising  a  subprogram  before  he  is  ready 
to  declare  it  finished.  \^en  a  programmer  is  satis¬ 
fied  that  his  subprograms  perform  correctly,  he 
submits  it  to  a  test  group. 

Test 

A  separate  group  has  the  sole  responsibility  to 
devise,  perform,  and  report  on  the  results  of  tests. 
With  no  knowledge  of  the  design,  this  group  de¬ 
vises  tests  based  an  the  requirements  specification. 
It  sends  components  that  fail  tests  back  to  their 
developers  ^th  descriptions  of  failures  and  no  at¬ 
tempts  to  diagnose  the  reasons  for  failures. 

Test  performance  is  the  primary  basis  for  confi¬ 
dence  (or  no  confidence)  that  a  system  behaves  as 
it  is  supposed  to.  A  variety  of  techniques  tests 
tmstworthiness,  fault-tolerance,  correctness,  secu¬ 
rity,  and  safety.  It  is  during  testing  that  compo¬ 
nents  of  the  system  first  operate  together  and  as 
a  whole.  The  following  sections  describe  the  steps 
in  the  integration  and  testing  process.  At  each 
step,  each  of  the  reliability  aspects  may  bo  tested. 

^  The  test  process  resembles  a  revers^  of  the  de¬ 
sign  process.  Subprograms  are  first  tested  in- 
dividuaUy ,  then  combined  into  components  for  in¬ 
tegration  tests.  Components  are  integrated  again 
and  tested  as  larger  components,  the  process  con- 
^uing  until  aU  components  have  hem  combined 
into  a  complete  system.  To  a  large  extent,  integra¬ 
tion  testing  may  be  thought  of  as  testing  the  in¬ 
terfaces  between  components.  It  is  in  integration 
testing  that  mistaken  assumptions  about  how 
other  programs  behave  first  manifest  themselves 
as  failures. 

Early  tests  in  the  process  often  include  supply¬ 
ing  erroneous  input  data  to  components  or  plac¬ 
ing  them  under  atypical  operating  conditions.  Such 
conditions  might  include  heavy  computational 
loads  or  undesired  events  tha;,  whi!  abnormal, 
might  occur.  Such  “stress"  tests  are  designed  to 
find  out  how  fault-tolerant  the  system  will  be. 


As  integration  progresses,  the  total  number  of 
possible  states  of  the  formed  component  is  the 
product  of  the  number  of  states  of  its  constituents. 
Combining  compcaent  A  with  N  states  and  com¬ 
ponent  B  with  M  states  results  in  compo*ient  C 
with  M  times  N  states.  If  R  teots  were  perfoimed 
on  A,  and  T  tests  on  B,  combining  each  test  of  A 
with  each  test  of  B  would  require  performing  R 
times  T  tests  on  C.  For  large  systems,  it  is  imprac¬ 
tical  to  perform  the  number  of  tests  needed'  at  each 
integration  stage  the  number  of  tests  performed 
relative  to  the  number  of  possible  states  becomes 
quite  small.  The  tests  performed  on  the  entire  in¬ 
tegrated  system  include  only  a  few  typical  ex¬ 
pected  scenarios. 

The  integration  procedure  described  above  is 
called  “bottom-up,"  since  it  starts  on  the  lowest 
component  level  and  proceeds  upward.  A  second 
integration  technique  that  is  becoming  more  com¬ 
mon  starts  with  top-level  components.  It  attempts 
to  test  interfaces  as  early  as  possible.  This  tech¬ 
nique  requires  the  writing  of  dummy  subcompo¬ 
nents  that  simulate  only  some  of  the  actions  of  the 
actual  future  subcomponents,  but  that  use  the 
same  interfaces.  The  dummies,  called  “stubs,"  are 
gradually  replaced  with  the  actual  subcomponents 
as  system  “top-down"  integration  process. 

When  the  developer  deems  the  system  ready  for 
delivery,  a  contractually-specified  formal  test  pro¬ 
cedure  is  performed  to  ensure  that  the  system  is 
acceptable  to  the  government.  This  “acceptance 
test"  consists  of  running  several  scenarios  and  it 
may  test  endurance  and  handling  of  stress.  Accept¬ 
ance  tests  are  performed  under  government  obser¬ 
vation  undci  conditions  as  closely  approximating 
real  use  as  possible.  If  included,  an  endurance  test 
consists  of  continuous  simxilated  use  of  the  sys¬ 
tem  for  a  minimum  of  24  hours.  Endurance  tests 
are  important  for  systems  that  are  expected  to 
operate  continuously  once  placed  in  service.  Once 
a  system  has  passed  its  acceptance  tests,  it  is  de¬ 
livered  to  the  government  and  enters  the  remain¬ 
ing  phase  of  its  life  cycle,  known  as  maintenance. 

Despite  elaborate  test  procedures,  all  complex 
software  systems  contain  errors  when  delivered. 
As  previously  noted,  software  tests  cannot  be 
exhaustive  and  cannot  be  relied  upon  to  find  all 
errors.  As  an  example,  during  the  operational 
evaluation  of  the  AEGIS  system  on  the  U.S.S. 
Ticonderoga,  20  target  missiles  were  fired  while 
the  ship  was  at  sea  under  simulated  battle  condi¬ 
tions.  Some  of  the  target  missiles  were  fired  simul¬ 
taneously  into  the  area  scanned  by  the  AEGIS 
combat  system;  thus,  the  20  targets  constituted 
fewer  than  20  scenario  tests.  The  tests  revealed 


several  software  errors,  costing  approximately 
$450,000  to  fix.* 

Since  errors  do  remain  in  software  after  accept¬ 
ance  testing,  the  correction  of  errors  continues  as 
a  major  activity  after  a  system  has  been  delivered 
and  put  into  use. 

Maintenance 

Unlike  hardware,  software  contains  no  physical 
components  and  does  not  wear  out  as  a  result  of 
continuing  use.  Maintenance  is  really  a  misnomer 
when  appUed  to  software: 

In  the  hardware  world,  maintenance  means  the 
prevention  and  detection  of  component  failure 
caused  by  aging  and/or  physical  abuse.  Since  pro¬ 
grams  do  not  age  or  wear  out,  maintenance  in  the 
software  world  is  often  a  euphemism  for  continued 
test  and  debug,  and  modification  to  meet  chang¬ 
ing  requirements.* 

Errors  emerging  during  system  use  must  be  cor¬ 
rected,  and  the  system  must  be  retested  to  ensure 
that  the  corrections  work  properly  and  that  no  new 
errors  have  been  introduced.  Correcting  an  error 
may  entail  reanalyzing  some  requirements  and  do¬ 
ing  some  redesign;  it  t^ost  certainly  demands  re¬ 
writing  some  code.  Accordingly,  all  of  the  devel¬ 
opment  activities  also  occur  during  maintenance. 

Even  when  requirements  appear  to  be  complete 
and  consistent,  as  users  gain  experience  with  a  sys¬ 
tem  they  may  change  their  minds  about  the  per¬ 
formance  they  desire  from  it.  The  automobUe  is  a 
case  in  point.  Drivers’  behavior  and  expectations 
about  the  performance  of  their  vehicles  changed 
as  new  possibilities  for  travel  emerged  and  as  new 
technology  became  available.  Behavior  also 
changed  as  economic  and  political  situations 
changed.  For  example,  wartime  conditions  affected 
the  cost  and  availability  of  cars  and  auto  parts, 
and  oil  production  decisions  affected  the  price  of 
fuel.  Similarly,  as  writers  have  switched  from  type¬ 
writers  to  word  processors,  both  their  writing 
habits  and  the  features  they  expect  in  a  word  proc¬ 
essor  have  changed. 

Maintenance  costs  are  now  becoming  the  major 
component  of  software  life-cycJe  costs.  Some  data 
show  that  by  1978,  48.8  percent  of  data  press¬ 
ing  costs  were  spent  on  maintenance  activities.** 

'Discussion  of  ths  results  of  ths  Ticonderoga  opsraf  ionsl  evaluation 
tests  may  be  found  in  U.C.  Congress  Senate  Committee  on  Armed  Serv* 
icesthe  record  of  the  bearings  before  the  Committee  on  Armed  Serv¬ 
ices.  United  States  Senate,  98th  Congress,  second  session  on  S.2414 
part  8,  Sea  Power  and  Force  Projection.  Mar.  14. 16.  29,  Apr.  6. 11, 
May  1.  1984. 

*D.  David  Weiss,  U.S.  Naval  Research  Laboratory.  “The  MUDD 
Report:  A  Case  Study  of  Navy  Software  Development  lYacticea,'*  NRL 
Report  7909,  May  1975. 

"Boehm.  ^ftwMre  Engmeering  Ecooomica,  op.  dt.  fooiooie  1,  figure 
3-2.  p.  18. 
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New  hnulogy.  new  strategies,  and  new  computa* 
tiona)  il^vrithms  would  cause  envisioned  BMD 
system  s  to  evolve  over  many  years,  Their  long¬ 
lifetime.  comphxity,  and  evolutionary  nature  will 
magnify  (he  general  trend  towards  relatively  larger 
software  maintenance  costs. 

Interaction  Among  the  Phases 

!n  the  preceding  sections  the  different  phases  of 
the  software  life  cycle  are  described  as  if  they  oc¬ 
cur  in  a  strict  sequence.  In  fact,  there  is  consider¬ 
able  feedback  among  the  phases.  Changes  in  re¬ 
quirements,  design,  and  code  occur  continually. 
Large  systems  may  be  subdivided  into  subsys¬ 
tems,  for  each  of  which  there  is  a  separate  require¬ 
ments  specification  and  a  separate  development 
cycle.  These  separate  developments  may  proceed 
in  parallel  or  sequentially. 

The  fu‘st  planned  delivery  in  a  sequential  devel¬ 
opment  is  called  the  initid  operating  capability 
(IOC).  Sequencing  the  delivery  of  different  versions 
of  the  system  over  time  permits  faster  delivery  of 
some  capabilities,  but  it  introduces  additional  prob¬ 
lems  into  all  of  the  development  phases.  The  sys¬ 
tem  must  be  designed  so  that  added  capabilities 
do  not  require  large  changes  to  existing  design  or 
code.  In  particular,  interfaces  must  be  designed  to 
take  into  account  potential  future  changes  in  ca¬ 
pabilities.  This  is  another  example  of  a  problem  in 
large,  complex  systems  that  does  not  ^.-ccur  in  small 
systems,  where  the  entire  system  is  delivered  at 
once. 

The  requirements  analysis  and  design  phases 
usually  consume  about  40  percent  of  the  develop¬ 
ment  effort,  the  coding  phase  about  20  percent,  and 
the  testing  phase  about  40  percent.  For  long-lived 
systems,  the  maintenance  phase  consumes  60-80 
percent  of  the  total  lifecycle  cost.  For  this  reason, 
the  trend  in  large,  long-lived  systems  is  to  try  to 
develop  the  software  so  as  to  make  the  mainte¬ 
nance  job  easier.  Since  the  principal  activity  in 
maintenance  is  change,  an  important  development 
consideration  is  how  to  make  change  easier. 

Software  Engineering  Technology 

Software  engineering  technology  research  and 
development  tend  to  focus  on  particular  phases  of 
tne  software  life  cycle.  For  example,  work  on  im¬ 
proving  design  techniques  is  often  independent  of 
work  on  improving  techniques  for  translating  high- 
level  languages  to  machine  code.  One  reason  is  that 
the  different  phases  present  very  different  prob¬ 
lems  for  the  software  engineer. 


The  next  few  s^3Ctions  briefly  describe  the  state 
of  the  art,  the  state  of  the  practice,  and  the  direc¬ 
tion  in  which  soft  ware  technology  is  currently  mov¬ 
ing,  particularly  within  DoD.  Much  of  the  work  in 
the  last  few  years  has  concentrated  on  creating 
automated  support  for  software  development  tech¬ 
niques.  Such  support  usuaUy  consists  of  one  or 
more  programs,  called  t^iols." 

Constructing  Prototypes 

Dimng  the  feasibility  analysis  and  requirements 
specification  stages,  software  engineers  sometimes 
quickly  produce  prototypes  to  help  feasibility  anal¬ 
ysis  and  to  explore  different  ways  in  which  users 
might  interact  with  the  completed  system.  Such 
rapid  protx)types  are  intended  to  allow  exploration 
of  only  a  few  issues:  they  are  not  intended  to  be 
models  of  the  final  software.  They  are  often  exe¬ 
cuted  in  different  hmguages,  on  different  com¬ 
puters,  and  using  a  different  development  process 
than  the  final  software.  Usually  less  than  10  per¬ 
cent  of  development  effort  is  spent  on  such  pro¬ 
totypes. 

^metimes  software  engineers  do  full  prototype 
ing.  Full  prototyping  means  building  a  complete 
prototype  system  and  then  discarding  it.  This  ap¬ 
proach  has  been  advocated  by  Brooks: 

In  most  projects,  the  first  system  built  is  barely 
usable.  It  may  be  too  slow,  too  big,  too  awkward 
to  use,  or  all  three.  There  is  no  alternative  but  to 
start  again,  smarting  but  smarter,  and  build  a  re¬ 
designed  version  in  which  these  problems  are 

Mlved - all  large-system  experience  shows  that 

it  will  be  done.  Where  a  new  syscero  concept  or  new 
technology  is  used,  one  has  to  build  a  system  to 
throw  away,  for  even  the  best  planning  is  not  so 
omniscient  as  to  get  it  right  the  first  time.... 

Hence  plan  to  throw  one  away:  you  will,  any¬ 
how.** 

Specifying  Requirements 

Software  requirements  specifications  constitute 
an  agreement  between  the  customer  and  th'?  soft¬ 
ware  developers.  In  stating  what  the  software 
must  do,  the  specifications  must  be  unambiguous, 
precise,  internally  consistent,  complete,  and  cor- 


"Rather  than  trying  to  describe  even  the  few  most  notable  examples, 
this  appendix  just  indicates  general  trends.  For  a  more  detailed  survey 
of  software  technology  that  may  be  applicable  to  SDl.  the  feeder  abould 
aee  the  following  Institute  for  Defense  Analysis  report  on  the  subject 
prepared  for  the  SDia  Samuel  T.  Redwine.  Jr.,  Sarah  H.  Nash,  at  el. 
SDl  PnlitDiLMty  Software  Ttehnohgy  InUmtion  PlMn.  IDA  paper  P- 
1926.  July  1996. 

'•Frederick  P.  Brooks.  Jr.,  The  Mythic*!  Essays  oo  Soft- 

were  Ea^miog  (New  York,  NY:  Addison-Wesley,  1976). 


rectly  representive  of  the  customer's  desires  and 
developers'  intent.  By  systematizing  the  process, 
methodologies  for  analyzing  and  expressing  re¬ 
quirements  are  intended  to  help  the  analyst  be 
complete,  consistent,  and  clear.  Some  tools  partly 
automate  the  process— sometimes  by  providing 
mechanisms  to  support  a  particular  methodology, 
sometimes  just  by  providing  storage  and  retrieval 
of  documentation. 

Before  1975,  nearly  aU  requirements  were  man¬ 
ually  produced.  Although  they  might  contain 
mathematical  equations,  they  used  no  formalisms 
or  notatir'ns  tailored  to  the  job  of  writing  software 
specifications.  The  underlying  methodology  fo¬ 
cused  on  describing  functions  the  software  had  to 
perform  and  specified  the  input  to  and  the  output 
from  each  function.  By  about  1980,  two  or  tlmee 
new  methodologies  had  api^ared,  incorporating 
novel  methods  of  decomposition  and  correspond¬ 
ing  notations  and  formalisms. 

Also  appearing  were  several  tools  representing 
somewhat  clumsy  attempts  to  automate  the  proc¬ 
esses  of  storing  and  retrieving  requirements  speci¬ 
fications  and  of  performing  internal  completeness 
and  consistency  checks.  More  advanced  tools  have 
added  some  simulation  capability,  enabling  the  re¬ 
quirements  analyst  to  run  a  simulation  of  his  sys¬ 
tem  based  on  the  description  stored  by  the  tool. 
The  early  tools  enjoyed  a  brief  popularity  that  has 
not  been  sustained. 

Recent  technology  includes  attempts  to  combine 
automated  support  for  methodologies  with  micro¬ 
computer  systems,  resxdting  in  so-called  ‘‘software- 
engineering  workstations.'*  Simpler  workstations 
may  use  word  processors  to  automate  the  text 
maintenance  and  production  process.  More  com¬ 
plex  workstations  use  document  control  systems 
on  minicomputers  to  manage  the  entry,  mainte¬ 
nance,  and  production  of  requirements  documen¬ 
tation;  such  systems  may  feature  version  control 
and  graphics  support.  The  more  tedious  jobs  of  pro¬ 
ducing  and  maintaining  text  have  been  automated, 
but  the  more  difficult  jobs  of  assuring  that  require¬ 
ments  are  complete,  consistent,  and  feasible  to  im¬ 
plement  have  not  yet  been  much  affected. 

Design 

Design  technology  is  in  a  similar  state  to  that 
of  requirements  specification.  There  is  still  little 
agreement  on  the  appropriate  techniques  for  rep¬ 
resenting  and  specifying  designs.  A  few  design 
methodologies  have  become  popular  in  the  last  10 
years,  and  there  are  a  few  supporting  tools  that 
help  the  designer.  There  are  a  few  serious  attempts 


to  integrate  requirements  specification  and  design 
support  teclmology,  but  they  have  not  been  very 
successful.  DoD  has  concentrated  on  finding  de¬ 
sign  techniques  that  are  compatible  with  Ada  (the 
recently  adopted  standard  DoD  programming  lan¬ 
guage),  then  developing  tools  that  support  those 
teclmiques. 

Recent  software  desi^  technology  is  on  a  par 
with  requirements  specification  technology:  the  de¬ 
velopment  of  workstations  and  perwna^  computer 
tools  aimed  at  supporting  the  designer’s  job  has 
followed  the  development  of  similar  tools  on  larger 
computers. 

Validating  and  Verifying 
Requirements  and  Design 

According  to  one  estimate,  errors  in  large  projects 
are  103  times  more  expensive  to  correct  in  the 
maintenance  phase  than  in  the  requirements 
phase.**  Supporting  data  suggest  that  the  relation¬ 
ship  between  the  relative  cost  to  fix  an  error  to  the 
phase  in  which  the  error  is  detected  and  corrected 
is  exponential.  Accordingly,  products  of  the  soft¬ 
ware  development  phases  undergo  some  kind  of 
validation  and  verification  several  times  during 
each  phase  and  at  the  end  of  each  phase. 

Although  simulation  is  used  to  verify  the  results 
of  feasibihty  and  requirements  cnaly;:«s,  much  of 
the  verification  and  validation  of  requirements  and 
design  is  done  by  review.  A  review  is  a  labor- 
intensive  process.  Users,  designers,  system  engi¬ 
neers,  and  others  scrutinize  a  specification  for  er¬ 
rors,  usefulness,  and  other  properties.  Then,  in  a 
series  of  meetings,  they  discuss  comments  and  ob¬ 
jections  to  the  specifiction.  There  is  little  auto¬ 
mated  support  for  reviews,  and  there  have  been 
few  advances  in  the  past  10  years  in  the  way  they 
have  been  conducted.  Although  many  of  the  cleri¬ 
cal  asi>ects  of  such  reviews  are  ripe  for  automation, 
the  more  difficult  parts  are  likely  to  remain  highly 
labor-intensive. 

Coding 

Coding  activities  generaUy  consume  about  10- 
20  percent  of  the  effort  in  large-scale  software  de¬ 
velopment,  but  they  have  been  more  highly  auto¬ 
mat^  than  any  other  part  of  the  process.  Perhaps 
the  largest  advance  was  the  development  of  com¬ 
pilers  that  translate  high-level  langua^s  into  se¬ 
quences  of  machine  instructions.  In  addition,  there 
is  a  continuing  stream  of  new  tools  that  help  the 
coder  to  enter,  edit,  and  debug  his  code. 

**Boehm  Softirare  EogioMring  EconomiCM,  op.  dt.,  footnote  1,  p.  40. 
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Advanced  coding  tools  include  editors,  com¬ 
pilers,  and  debuggers  that: 

•  incorporate  sy-ntactic  knowledge  of  the  lan¬ 
guage  being  used, 

•  allow  the  programmer  to  move  freely  between 
editing  and  debugging  programs,  and 

•  provide  Kim  with  powerful  means  of  browsing 
through  the  text  of  a  program  and  analyzing 
the  results  of  its  execution. 

Such  tools  generally  reside  either  on  a  time-shared 
computer  or  on  a  workstation  that  is  at  the  sole 
disposal  of  the  programmer. 

Current  practice  varies  widely,  from  compilers 
used  on  batch  machines  (i.e.,  noninteractively,  with 
little  or  no  editing  or  debugging  tools  and  with 
programmers  relying  princip^ly  on  printouts  for 
information),  to  state-of-the-art  systems. 

Showing  Correctness  and  Utility  of  Code 

Because  code  is  the  means  of  directing  a  com¬ 
puter’s  actions,  it  is  the  realization  of  the  require¬ 
ments  and  the  implementation  of  the  design.  Al¬ 
though  earlier  stages  in  the  development  process 
might  conceivably  be  reduced  in  scope  and  effort— 
or  even  eliminated— code  to  implement  the  system 
must  still  be  written.  To  show  that  it  is  the  accurate 
realization  of  the  desired  system,  the  code  must 
be  demonstrated  to  execute  correctly  and  usefully. 
Technology  to  support  such  demonstrations  has 
followed  several  Afferent  approaches. 

The  traditional  approach  is  to  test  the  software 
over  a  range  of  inputs  that  are  deemed  adequate 
to  demonstrate  correctness  and  usefulness.  (The 
criteria  for  adequacy  are  generally  determined  by 
those  responsible  for  accepting  the  software  as  ade* 
quate.)  Testing  technology  is  discussed  in  the  next 
section. 

Code  reviews,  similar  to  design  and  requirements 
reviews  in  structure,  function,  and  labor-intensive¬ 
ness,  are  also  generally  used  during  the  coding 
process  to  find  errors.  As  with  other  reviews,  the 
nonclerical  aspects  of  the  process  are  unlikely  to 
be  automated. 

Correctness  proofs  based  on  mathematical  tech¬ 
niques  are  discussed  in  chapter  9  of  this  report. 
Although  work  in  automating  proofs  of  program 
correctness  and  finding  and  applying  techniques 
that  work  for  large  programs  started  about  20 
years  ago,  the  technology  is  still  inadequate  for 
large,  complex  programs.  There  are  no  current 
signs  of  ideas  that  may  lead  to  rapid  progress. 


Testing 

Although  there  are  different  types  of  testing  for 
different  situations,  the  principles  underlying 
different  tests  are  the  same:  the  program  is  ex^ 
cuted  using  different  sets  of  inputs  and  its  be¬ 
havior,  particularly  its  output,  is  observed.  Test¬ 
ing  teclmology  has  advanced  to  the  point  where 
test  inputs  can  often  be  automatically  generated, 
test  output  can  be  automatically  compared  with 
desit  ed  output,  and  the  parts  of  the  program  that 
have  been  executed  during  the  test  can  be  auto¬ 
matically  identified.  As  with  coding,  the  current 
practice  varies  widely.  For  simple,  noncritical  sys¬ 
tems,  none  of  the  process  may  be  automated.  For 
critical  systems,  considerable  investment  is  often 
made  in  automating  tests.  For  such  systems,  it  is 
often  important  that  test  results  be  made  visible 
and  understandable  to  nontechnical  users.  As  an 
example,  elaborate  computer-driven  simulations 
are  used  in  pre-flight  testing  of  aircraft  flight  soft¬ 
ware.  A  pilot  can  test  the  behavior  of  the  flight 
software  without  any  knowledge  of  the  code. 

Integrated  Support 

Early  tools  designed  to  support  software  devel¬ 
opment  or  maintenance  were  aimed  at  solving  spe¬ 
cific  problems,  such  as  translating  high-level  lan¬ 
guages  to  machine  instructions,  and  were  designed 
either  to  work  alone  or  in  cooperation  with  one  or 
two  other  tools.  Requirements  and,  particularly, 
design  support  tools  ^d  not  interface  well  with  cod¬ 
ing  and  testing  tools.  More  recent  attempts  at  au¬ 
tomating  the  software  development  and  mainte¬ 
nance  processes  are  aimed  at  developing  i^oftware 
engineering  environments:  tools  that  are  compat¬ 
ible  with  each  other,  that  make  it  easy  for  the  soft¬ 
ware  engineer  to  switch  his  attention  among  differ¬ 
ent  tasks  in  different  phases  of  the  software  life 
cycle,  and  that  support  the  entire  software  life  cy¬ 
cle.  Such  environments  are  still  in  the  development 
stage. 

In  recent  years,  efforts  to  provide  automated 
management  support  have  appeared.  Such  support 
might  consist  of  providing  an  automated  database 
containing  information  about  the  progress  of  a 
software  development  or  maintenance  project.  Ef¬ 
ficient  tools  for  providing  integrated  management 
support  should  be  appearing  on  the  market  shortly. 
One  area  that  has  enjoyed  automated  support  for 
some  time  is  change  control,  that  is,  keeping  track 
of  changes  that  have  been  proposed  and  made  to 
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a  system  during  its  lifetimet  long  recognized  as  an 
important  management  need.  Automated  support 
systems  designed  just  for  change  control  have  been 
available  for  at  least  10  years. 

IncA'*mental  Development 

To  avoid  the  problems  associated  with  attempt* 
ing  to  develop  a  large,  complex  system  at  one  time, 
an  incremental  development  technique  is  often 
used.  Systematic  approaches  for  incremental  de¬ 
velopment  have  been  described  in  the  literature  for 
more  than  10  years;  example  variations  are  itera¬ 
tive  enhancement,  and  program  family  develop¬ 
ment.*^  More  recently,  incremental  development 
has  been  incorporated  into  a  risk-based  approach 
to  development  called  the  spiral  approach.**  In  this 
approach,  each  developmental  increment  is  accom¬ 
panied  by  risk  analyses.  When  deemed  worth  the 
risk,  a  complete  development  cycle,  which  may  be 
similar  to  the  one  described  in  the  precedin'',  is 
used.  Incremental  development  has  been  used  by 
DoD  in  a  variety  of  forms  for  a  number  tf  years, 
and  should  not  be  expected  to  result  in  a  major 
improvement  in  software  dependability  or  produc¬ 
tivity. 

Other  Paradigms 

The  preceding  discussion  is  oriented  towards  the 
standard  DoD  software  life  cycle.  Other  paradigms 
for  the  software  life  cycle  have  been  suggested. 
Some  expand  on  the  life  cycle,  such  as  a  recently 
proposed  model  by  Boehm  that  incorporates  risk- 
assessment  and  incremental  development.  Others 
attempt  to  eliminate  or  merge  existing  ste  ps,  such 
as  object-oriented  programming  using  languages 
like  Smalltalk  that  lend  themselves  to  rapid 
change.  Some  introduce  new  or  improved  technol¬ 
ogy  to  change  the  nature  of  existing  steps,  such 
as  the  Cleanroom  method. 

Object-Oriented  Programming 

Object-oriented  programming  is  based  on  sev¬ 
eral  different  ideas  that  are  used  differently  by  ad¬ 
vocates  of  the  technique. 


'♦V.R.  Bajili  and  A.J.  Tamer.  "Iterative  Enhancement:  A  Practical 
Technique  for  Software  Development."  IEEE  Transacthaa  on  Software 
Engineering  SE'1(4):390*396.  December  1975.  See  also  D.  L.  Pamaa, 
"Designing  Software  fo-  Ease  of  Extension  and  Contraction,"  IEEE 
Tranaactiona  on  Software  Engineering  5(2),  March  1979. 

•*B.  Boehm,  TRW  Corp,,  A  5  irai  Model  of  Software  Development 
and  Enhancement,  TRW  technical  report  21-371-65,  1985. 


The  term  object*ori«ited  programming  has  been 
used  to  mean  Afferent  things,  but  on3  thing  these 
languages  have  in  common  is  objects.  Objects  are 
entities  that  combine  the  properties  of  procedur  js 
and  data  since  they  perform  computations  and 
save  local  states.** 

In  many  versions  of  the  object-oriented  model, 
the  role  of  formal  requirements  and  design  speci¬ 
fication  is  reduced  in  favor  of  quickly  producing 
different  versions  of  a  program  until  one  is  attained 
that  exhibits  the  desixed  behavior.  Although  this 
technique  appears  to  work  well  on  a  small-scale, 
it  has  yet  to  be  tried  on  large-scale  programs  that 
require  the  cooperation  of  many  programmers  and 
that  are  to  be  long-lived.  Most  likely,  some  of  the 
ideas  and  tools  that  facilitate  change  in  languages, 
like  Smalltalk,  will  be  incorporate  into  the  soft¬ 
ware  engineering  environments  under  development 
for  the  standard  DoD  life  cycle,  where  they  wfll 
help  make  a  modest  improvement  in  productivity. 

The  Cleanroom  Method 

The  Cleanroom  method  is  an  approach  to  soft¬ 
ware  engineering  recently  develop^  at  IBM.*’  The 
method  requires  programmers  to  verify  their  pro¬ 
grams,  using  mathematically-based  functional  ver¬ 
ification  methods  developed  at  IBM.  Programmers 
are  not  permitted  to  debug  or  test  their  own  pro¬ 
grams;  testing  is  done  by  a  separate  test  group 
Furthermore,  the  test  process  is  based  on  statisti¬ 
cal  methods  that  permit  statistically  valid  esti¬ 
mates  of  mean  time  to  failure  to  be  calculated  from 
test  results.**  Reported  Cleanroom  experience  in¬ 
dudes  three  projects,  the  largest  containing  45,000 
lines  of  code.  There  is  no  reported  accumulated 
operational  experience  with  software  developed 
using  this  tech^que.  Proponents  believe  the  tech¬ 
nique  will  scale  up  to  programs  of  the  size  and  com¬ 
plexity  needed  for  SDI. 

Automatic  Programming 

In  another  suggested  paradigm  that  would  elim¬ 
inate  much  of  the  requirements  and  design  phases, 
programs  would  be  automatically  generated 
directly  from  a  requirements  specification  lan¬ 
guage  that  might  read  like  a  mathematized  ver¬ 
sion  of  English.  This  idea  is  not  new;  the  term  auto- 


'*Mark  SteRk  and  Daniel  G.  Bobrow,  "Object-Oriented  Programmmg: 
Themes  and  Variations,"  The  AI  Magazine  6(4):40-62.  winter  1986. 

'^Harlan  D.  Mills.  "Cleanroom  Software  Engineering."  to  be  published 
in  IEEE  Transactiona  on  Software  Engineering 

Alien,  Michael  Dyer,  and  D.  Harlan.  "Certifying  the  Reliability 
of  Software,"  IEEE  Tranaactkma  on  Software  Enginebring,  SE-12(1):3- 
11.  January  1986. 


xnatic  programming  was  applied  in  discussions  of 
prograimning  languages  a?  early  as  1948.‘*  As  pro¬ 
gramming  langiiages  became  more  powerful,  the 
level  of  expectation  for  automatic  programming 
rose.  The  technology  to  implement  this  paradigm 
in  such  a  way  that  design  specifications,  as  now 
used,  would  be  uimeeded,  is  still  weU  beyond  the 
state  of  the  art. 

Artificial  Intelligence 

Artificial  intelligence  ( 4IHs  sometimes  asserted 
to  be  a  technology  that  would  be  needed  to  build 
the  software  for  an  SDI BMD  system.  In  a  critique 
of  AI  as  applied  to  SDI,  David  Pamas  points  out 
two  different  definitions  of  AI  that  are  currently 
used. 

AM:  The  use  of  compufers  to  solve  probleris 
that  previously  could  onl>  be  solved  by  applying 
human  intelligence. 

A 1-2:  The  use  of  a  specific  set  of  programming 
techniques  known  as  heuristic  or  rule-based  pro¬ 
gramming.  In  this  approach,  human  experts  are 
studied  to  determine  what  heuristics  or  rules  of 
thumb  they  use  in  solving  problems.  Usually  they 
are  asked  for  their  rules.  These  rules  are  then  en¬ 
coded  as  input  to  a  program  that  attempts  to  be¬ 
have  in  accordance  with  them.  In  other  words  the 
program  is  designed  to  solve  a  problem  the  way 
that  humans  seem  to  solve  it.” 

Much  of  the  investment  in  AI  technology  today 
seems  to  be  based  on  AI-2.  The  result  is  likely  to 
be  ^veral  systems  that  work  well  in  limited  appli¬ 
cations  where  the  rules  for  solving  a  problem  are 
weD-known,  relatively  few  in  num^r,  and  consist¬ 
ent  with  each  other.  For  battle  management  and 
Other  complex  SDI  computing  problems,  such  an 
^proach  is  unlikely  to  apply:  the  rules  for  conduct¬ 
ing  a  battle  in  space  against  an  opponent,  who  may 
use  unforeseen  strategy  or  lactics,  are  not  weU 
known. 

Since  AI-l  may  be  considered  as  a  set  of  prob¬ 
lems,  such  as  writing  a  computer  program  that  can 
translate  English  to  Russian,  it  cannot  be  truly 
characterized  as  having  an  underlying  technology. 
Solutions  to  such  problems  may  or  may  not  use 
AI-2,  or  any  other  technology.  Accordingly,  the 
state  of  the  art  in  AI-1  can  only  be  consider^  on 
a  problem-by-problem  basis,  and  a  technological 
assessment  cannot  be  made.  Since  it  lacks  a  unify- 


’•For  a  discussion  of  automatic  programming.  Sea  David  L.  Pamas 
..2s  Programming  Solve  The  SDI  Software  Problem.'*  in 

Softw^  AspccU  of  Strategic  Defense  Systems.*’  AmericM  SdeoUst. 
September-October  1985.  pp.432-40. 

“David  L.  Pamas.  "Aitificla!  Intelligence  and  the  Strategic  Defense 
IniUative.  ibid. 


ing  concept  or  technology,  there  is  not  much  sense 
in  talking  about  ‘‘applying’  AM  to  SDI  battle 
management  problems  until  a  specific  set  of  bat* 
tie  management  problems  and  their  solutions  is 
specified. 

Techsology  Summary 

Much  of  the  current  software  technology  work 
may  be  viewed  as  consolidation:  the  development 
of  tools  to  support  existing  methodologies.  This 
view  is  especiaUy  true  for  DoD,  whose  recent  soft¬ 
ware  technology  investments  are  aimed  at  provid¬ 
ing  automated  support  for  software  to  be  devel¬ 
oped  in  the  Ada  language.  Both  within  and  without 
DoD,  particular  emphasis  is  being  given  to  soft¬ 
ware  engineering  environments:  tools  that  are  com¬ 
patible  with  each  other,  that  make  it  easy  for  the 
software  engineer  to  switch  his  attention  among 
different  tasks  in  differenv  phases  of  the  software 
life  cycle,  "ind  that  support  the  entire  software  life 
cycle.  This  emphasis  is  likely  a  result  of  a  growing 
recognition  by  software  engineers  that  although 
they  have  spent  considerable  time  helping  to  au¬ 
tomate  other  industries,  they  have  b^n  slow  to 
automate  the  software  development  and  mainte¬ 
nance  industry. 

The  difHcult  problems  of  how  to  go  about  creat¬ 
ing,  analyzing,  specifying,  and  validating  require¬ 
ments  and  design,  and  validating  that  implemen¬ 
tations  satisfy  requirements,  are  still  open  research 
problems  on  which  progress  is  slow. 

Measuring  Improvement 

Because  the  quality  of  software  depends  so 
strongly  on  t’:e  quality  of  the  software  develop¬ 
ment  process,  both  the  process  and  the  product 
need  to  be  measured  to  understand  where  process 
improvements  are  needed  and  what  their  effect  is. 
As  previously  noted,  increases  in  product  scale  re¬ 
sult  in  a  shift  in  the  factors  determining  success. 
Measurements  made  on  small  scale  developments 
cannot  be  generalized  to  large  scale  developments. 
As  a  result,  laboratory-style  measurements  are  of 
little  help  in  trying  to  determine  the  factors  affect-  . 
ing  the  development  of  BMD  ^^ftware.  To  be  use¬ 
ful,  measurement  nust  be  mad^  of  the  actual  pro¬ 
duction  process,  with  the  attendant  risks  of 
affecting  the  process.  Since  data  from  such  meas- 
imements  gives  considerable  insight  into  the  prac¬ 
tices  us^  by  a  company,  it  is  considered  by  most 
companies  to  be  sensitive  end  is  rarely  available 
for  study  outside  of  the  company.  As  a  result,  there 
is  little  to  chance  to  separate  the  effects  of  differ- 
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ent  factors  by  comparing  data  from  different  de¬ 
velopment  environments.  Outside  of  internal  com¬ 
pany  studies,  the  few  studies  of  software  available 
from  measurements  in  production  environments 
come  either  from  NASA’s  Software  Engineering 
Laboratory,  or  from  the  Data  and  Analysis  Cen¬ 
ter  for  Software,  supported  by  the  Rome  Air  De¬ 
velopment  Center. 

Scaling  up  to  the  size  estimated  for  the  SDI  bat¬ 
tle  management  software  means  that  new  devel¬ 
opmental  problems  wiU  be  encountered  and  that 
existing  measurements  will  not  apply  well.  Esti¬ 


mates  for  the  size  of  the  SDI  battle  management 
software  range  from  7  million  lines  of  code  to  60 
million  lines  of  code,  depending  on  the  estimator 
and  system  architecture.  The  largest  operational 
systems  today  that  could  be  said  to  be  sinular  to 
BMD  systems  contain  about  3-4  million  lines  of 
code.** 


*'The  AEGIS  loftware  is  in  this  caUgory.  The  software  for  ATAT's 
5ESS^^  switching  system,  although  not  a  good  model  for  BMD  soft¬ 
ware,  is  also  in  this  size  range.  The  SAFEGUARD  system,  not  currently 
operational,  was  slightl;  .miller. 
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Glossary  of  Acronyms  and 
Abbreviations 

ABM  -Anti-ballistic  Missile 

ALS  —Advanced  Launch  System 

AOA  —Airborne  Optical  Adjunct 

AOS  —Airborne  Optical  System 

ASAT  -Anti-satellite  Weapon 

AT  A  —Advanced  Test  Accelerator 

ATH  —Above  The  Horizon  (Sensor) 

ATS  —  Ad/anced  Test  Stand  (particle 

beam  accelerator) 

BM/C’  —Battle  Management/Command, 

Control,  and  Communications 
BMD  —Ballistic  Missile  Defense 

BMEWS  -Ballistic  Missile  Early  Warning 

System 

BSTS  —Boost  Surveillance  and 

Tracking  System 

CCD  -Charge-coupled  Device 

CELV  —Complementary  Expendable 

Launch  Vehicle 
cm  —Centimeter 

CONUS  —Continental  United  States 

CV  — Carrier  Vehicle 

DANASAT  —Direct  Ascent  Nuclear  Anti¬ 
satellite  Weapon 

DANNASAT— Direct  Ascent  Non-nuclear  Anti- 
satellite  Weapon 

DARPA  —Defense  Advanced  Research 

Projects  Agency 

DEW  — Directed-Energy  Weapon 

DF  —Deuterium  Fluoride  (Laser) 

DIPS  —Dynamic  Isotope  Power  System 

DoD  —Department  of  Defense 

DSAT  —Defensive  Satellite  Weapon 

DSP  —Defense  Support  Program  (U.S. 

Military  Satellite) 

DST  —Defense  Suppression  Threat 

EML  —Electromagnetic  Launcher 

EMP  —Electromagnetic  Pulse 

ERINT  —Extended  Ran^  Interceptor 

ERIS  — Exo-atmospheric  Re-entry 

Interceptor  System 

ETA  —Experimental  Test  Accelerator 

eV  —Electron  Volt 

FBB  -Fast-bum  Booster 

FEL  —Free  Electron  Laser 

FLAGE  —Flexible.  Lightweight,  Agile, 

Guided  Experiment 

FLIR  — Forw’ard  Liking  Infrared 

(Sens^ri 
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FLOPS  —Floating  Point  Operations  per 

Second 

FOC  —Full  Operating  Capability 

FSED  —Full-scale  Engineering 

Development 

FT\"  —Flight  Test  Vehicle;  Functional 

Technical  Validation 
g  —Gram 

GBFEL  —Ground-based  Free  Electron 

Laser 

GOPS  —Billion  (Giga-)  Operations  per 

Second 

GSTS  —Ground-based  Surveillance  and 

Tracking  System  (Pop-up  Probe) 
HALO  —High  Altitude  Large  Optics 

HEDl  —High  Endo-atmospheric  Defense 

Interceptor 

HF  —Hydrogen  Fluoride  (Laser) 

HLLV  —Heavy  Lift  Launch  Vehicle 

HOE  —Homing  Overlay  Experiment 

IBC  —Impurity  BaiiJ  Conductor 

!CBM  —Intercontinental  Ballistic 

MissUe 

IOC  —Initial  Operating  Capability 

ISAR  —Inverse  Synthetic  Aperture 

Radar 

J  —Joule 

KEW  —Kinetic  Energy  Weapon 

kg  —Kilogram 

kJ  —Kilojoule 

KKV  -Kinetic  KiU  Vehicle 

km  —Kilometer 

kW  —Kilowatt 

LAMP  —Large  Advanced  Mirror 

Program 

LCC  —Life  Cycle  Cost 

LEAP  —Lightweight  Exo-atmospheric 

Advanced  Projectiles 
LOC  —Lines  of  Code 

LWIR  -Long-wave  Infrared 

m  —Meter 

MaRV  —Maneuverable  Reentry  Vehicle 

MeV  —Million  Electron  Volts 

M  H  D  —  M  agnetohy  drodynamics 

MIPS  — Milhon  Instructions  per  Second 

MIRACL  -Mid-infrared  Advanced 

Chemical  Laser 

MIRV  —Multiple  Independently- 

targetable  Reentry  Vehicle 
MOPS  — Milhon  Operations  per  Second 

MOSFET  —Metallic  Oxide  Semiconductor 

Field  Effect  Transistor 
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MTBF 

MTTR 

MW 

MW/sr 

MWIR 

Nd:YAG 

NPB 

NTB 

PAR 

PBV 

RTG 

RV 

SBHEL 

SBI 

SBKKV 

SDI 

SDIO 

SDS 

SGEMP 

SLBM 

SS-18,  SS-19, 
SS-24,  SS-25 

SS-20 

SSME 

SSTS 

STAS 

SWIR 

TDI 


TIR 

TREP 

UHF 

UV 

VHSIC 

VLSI 

W 

W/s- 


—Mean  Time  Between  Failures 
-  “Mean  Time  to  Repair 
—Megawatt 

—Megawatts  per  Steradian 
-Medium-wave  Infrared 
—Neodymium  Yttrium- Aluminum- 
Garnet  (Laser) 

—Neutral  Particle  Beam 
—National  Test  Bed  (for 
computer  simulations) 

— PhavSed-array  Radar 
-Post-boost  Vehicle 
—Radioisotope  Thermal 
Generator 
—Reentry  Vehicle 
— Space-besed  High  Enorgy  Laser 
-Space-based  Interceptor 
—Space-based  Kinetic  Kill  VeL’cle 
—Strategic  Defense  Initiative 
—Strategic  Defense  Initiative 
Organization 

—Strategic  Defense  System 
-System-Generated 
Electromagnetic  Pulse 
-Submarine-launched  Ballistic 
Missile 

— U.S.  designators  for  various 
Soviet  ICBMs 

—U.S.  designator  for  a  Soviet 
Medium  Range  Ballistic  Missile 
—Space  Shuttle  Main  Engine 
—Space  Surveillance  and 
Tracking  System 
—Space  lYansportation 
Architecture  Study 
—Short-wave  Infrared 
—Time  Delay  and  Integrate  (data 
processing  techniq'ie  for 
sensors) 

—Terminal  Imaging  Radar 
— Thrusted  Replica  (decoy) 
-Ultra-high  Frequency 
—Ultra-violet 

—Very  High  Speed  Integrated 
Circuitry 

—Very  Large-Scale  Integrated 
(Circuit) 

-Watt 

—Watts  per  Steradian 


Glossary  of  Terms 

Ablative  Shield:  A  shield  that  evaporates  when 
heated,  thereby  absorbing  energy  and  protect¬ 
ing  the  underlying  structure  from  heat  damage. 
Such  shields  are  used  to  protect  reentry  vehides 
from  damage  during  atmospheric  reentry.  They 
could  also  be  used  to  shidd  boosters  against 
lasers. 

Absentee  Ratio:  In  a  consteUation  of  orbiting 
weapon  platforms,  the  ratio  of  the  number  of 
platforms  not  in  position  to  participate  in  a  bat¬ 
tle  to  the  number  that  are.  Typical  absentee  ra¬ 
tios  for  kinetic  energy  weapons  systeoLS  are 
around  10  to  30,  depending  on  details  of  th^  sat¬ 
ellite  orbits  and  the  assumed  battle. 

Absorption  Bands:  Frequency  ranges  in  the  elec¬ 
tromagnetic  spectrum  that  are  highly  absorbed 
by  the  atmosphere,  thus  restricting  transmission 
between  Earth  and  space.  Absorption  bands  of 
interest  to  BMD  are  found  in  the  dtraviolet,  the 
infrared,  and  at  microwave  frequencies. 

Accelerator  Test  St^nd  (ATS):  An  accelerator  at 
Los  Alamos  National  Laboratory  that  is  a  pro¬ 
totype  for  a  high  intenrity  neutrd  particle  beam 
accelerator. 

Acquisition:  The  search  for,  detection  of,  and  main¬ 
tenance  of  contact  with  a  potential  target  by  the 
sensors  of  a  weapon  system. 

Active  Discrimination:  The  electromagnetic  irradi¬ 
ation  of  a  potential  target  in  order  to  determine 
from  the  characteristics  of  the  reflected  radia¬ 
tion  whether  it  is  a  threatening  object  or  a  de¬ 
coy.  Radar  and  laser  radar  (ladar)  are  examples 
of  active  discrimination  tools. 

Adaptive  Preferential  Defense:  A  BMD  tactic  de¬ 
signed  to  increase  the  value  of  the  defense.  The 
defense  determines  in  the  early  mid-course  phase 
of  ballistic  missile  trajectories  the  intended  tar¬ 
get  of  each  RV  that  has  survived  the  first  de- 
finsive  layers.  Those  targets  that  the  defense 
wishes  to  protect  are  defended  by  preferentially 
attacking  those  warheads  aimed  at  these  targets. 
To  optimize  the  number  of  surviving  targets, 
those  that  have  the  fewest  warheads  aim^  at 
them  are  defended  first. 

Advanced  Launch  System  (ALS):  A  rocket  pro¬ 
posed  for  deployment  in  the  mid-1990s  that 
would  have  a  large  payload-to-orbit  capacity  (60 
tonnes  or  more)  and  that  wotdd  be  the  primary 
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launch  vtihide  for  deploying  the  thousands  of 
tonnes  ^uired  for  an  early  deployment  of  the 
Strategic  Defense  System  (q.v.). 

Advanced  Test  Accelerator  (AT A):  A  high-current 
50  MeV  accelerator  at  Lawrence  Livermore  Na¬ 
tional  Laboratory  that  is  being  used  for  &ee  elec¬ 
tron  laser  experimentation  and  development. 

AEGIS:  The  anti-missile  system  currently  in  use 
by  the  U.S.  Navy,  designed  to  defend  carrier 
groups  against  attack  by  rockets,  aircraft,  or  air- 
breathing  missiles. 

Agility:  The  ability  of  a  pointing  system  for  a  sen¬ 
sor  or  a  weapon  to  shift  rapi^y  and  accurately 
from  one  target  to  another. 

Air  Defense  Initiative  (ADI):  A  Department  of 
Defense  research  program  that  is  designed  to 
counter  air-breat^g  threats  to  the  United 
States,  such  as  aircraft  and  cruise  missiles.  De¬ 
signed  to  supplement  the  SDL 

Airborne  Optical  Adjunct  (AO A):  An  experimental 
aircraft  with  sensors  being  prepared  for  testing 
in  the  late  1980s  as  a  part  of  the  development 
program  for  the  AOS. 

Airborne  Optical  System  (AOS):  A  set  of  optical 
elements  mounted  on  aircraft  and  intended  to 
provide  tracking  information  on  approaching 
warheads  and  decoys  and  then  to  hand  off  this 
information  to  the  terminal  phase  of  a  missUe 
defense  system. 

Algorithm:  A  precise  description  of  a  method  for 
solving  a  particular  problem,  using  operations 
or  actions  from  a  well-understood  repertoire. 
(Detinition  by  J.  Shore) 

Alpha  Laser:  A  megawatt-class  chemical  laser  be¬ 
ing  developed  by  TRW  as  a  prototype  for  a 
space-based  anti-missile  laser  weapon. 

Anti-ballistic  Missile  (ABM):  A  missile  designed 
to  destroy  a  ballistic  missOe. 

Anti-satellite  (ASAT)  Weapon:  A  weapon  designed 
to  destroy  satellites. 

Anti-simulation:  The  tactic  of  trying  to  disguise 
a  military  asset  as  a  docoy. 

Architecture:  The  overall  design  of  a  system:  its 
elements,  their  functions,  and  their  interrela¬ 
tionships. 

ARPA  Network:  The  computer  network  set  up  by 
the  Department  of  Defense’s  Advanced  R^ 
search  injects  Agency  to  facilitate  data  and  in¬ 
formation  exchange  and  thus  to  aid  program¬ 
ming  and  research. 


Artificial  Intelligence:  The  ability  of  a  computing 
system  to  learn  from  experience  and  to  act  in 
other  ways  indistinguishably  from  a  sentient 
being. 

Atmospheric  Compensation:  The  physical  distor¬ 
tion  or  modification  of  the  components  of  an  op¬ 
tical  system  for  the  purpose  of  compensating  for 
the  distortion  of  light  waves  as  they  pass 
through  the  atmosphere  and  the  optical  system. 

Atmospheric  Heave:  Raising  a  large  volume  of  the 
upper  atmosphere  to  a  substantially  higher  alti¬ 
tude  (hundr^s  of  kilometers)  by  means  of  a  nu¬ 
clear  detonation  within  the  atmosphere.  This 
could  have  several  different  effects  on  the  capa¬ 
bility  of  a  missile  defense  system:  for  example, 
nuclear  background  radiation  problems  could  be 
substantially  worsened  for  the  defense  and  some 
directed-energy  weapons  could  be  partially  neu¬ 
tralized;  on  the  other  hand,  offensive  decoys 
could  become  detectable  and  offensive  targeting 
could  become  more  difficult. 

Atmospheric  Turbulence:  Variations  in  atmos¬ 
pheric  density  that  cause  small  changes  in  refrac- 
tivity  of  light  that  passes  through  the  air.  In  the 
context  of  BMD  sensors,  turbulence  causes  dis¬ 
tortions  of  plane  wavefronts  that  could,  if  not 
compensate  for,  weaken  the  coherence  and  ef¬ 
fectiveness  of  a  high  power  laser  beam. 

Ballistic  Missile;  A  rocket-driven  missile  that 
bums  out  relatively  early  in  its  trajectory  and 
then  follows  a  ballistic  path  in  the  Earth’s 
gravitational  field  to  its  target. 

Ballistic  Missile  Defense  (BMD):  A  weapon  sys¬ 
tem  designed  to  destroy  ballistic  missiles  or  their 
warheads  at  any  or  aU  points  in  their  trajecto¬ 
ries,  from  launch  until  just  before  target  impact. 

Battle  Management:  The  analysis  of  data  on  the 
state  of  a  battle  ard  decisions  regarding  weapon 
aiming  and  allocation.  Subtasks  include  com¬ 
mand  and  communication,  kill  assessment,  main¬ 
taining  knowledge  of  the  state  and  positions  of 
aU  elements  of  the  defense  system  and  calcula¬ 
tion  of  target  track  files. 

Beam  Control:  The  system  that  maintains  the 
desired  pointing,  traicking,  and  quality  of  a  la¬ 
ser  or  particle  beam. 

Beam  Director:  A  system  that  focuses  and  points 
a  laser  or  particle  beam  in  the  desired  direction. 

Beam  Neutralizer:  Device  located  at  the  exit  of  a 
particle  accelerator  that  neutralizes  the  charged 
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I  ion  beam  in  order  to  produce  a  neutral  particle 

i  beam,  usually  by  stripping  off  extra  electrons 

I  (charged  beams  can  be  accelerated  and  focused 

{  by  a  particle  accelerator  while  neutral  beams  can* 

j  device  may  be  a  gas  cell  or  foil  cm*  may 

I  utilize  an  appropriate  laser  beam. 

'  Bistatic  Radar/Ladar:  Radar  or  ladar  using  trans¬ 

nutters  and  receivers  separated  by  substantial 
distances.  Reasons  for  separation  may  include 
enhanced  survivability  or  the  ability  to  overcome 
the  countermeasure  of  retrorsflectors. 

Blinding:  Destroying  elements  of  an  optical  sen¬ 
sor  by  overloading  them  with  radiation. 

Boost  Phase:  The  part  of  the  trajectory  of  a  ballis¬ 
tic  missile  during  which  the  rocket  booster  fires. 
This  phase  lasts  for  about  3  to  5  minutes  for  cur- 
'  rent  ICBMs. 

Booster:  The  rocket  that  places  a  ballistic  missile 
1  in  its  trajectory  towards  a  target  or  that 

launches  a  satellite  or  space  vehicle  into  orbit. 

Booster  Clustering:  Locating  boosters  relatively 
5  near  one  another  (within  hundreds  of  kilometers) 

in  order  to  force  a  space-based  BMD  to  a  higher 
,  absentee  ratio  and  therefore  to  increase  the  re- 

!  quired  munber  of  space-based  interceptors. 

Boater  Decoys:  Rockets  that  would  imitate  the 
early  phase  of  booster  plume  and  trajectory  in 
order  to  draw  fire  from  the  defense,  but  that 
would  not  be  armed  intercontinental  missiles  and 
would  cost  substantially  less  than  ICBMs. 

Bus:  The  rocket-propelled  final  stage  of  an  ICBM 
that,  after  booster  bum-out,  places  warheads 
aiid  possibly,  decoys  on  ballistic  paths  towards 
their  targets.  Also  known  as  ‘‘post-boost  vehi- 
cle'‘  (PBV). 

Carrier  Vehicle  (CV):  A  vehicle  in  Earth  orbit  that 
carries  the  space-based  interceptors  of  a  BMD. 
It  may  also  carry  some  sensors. 

Ch^f :  Small,  light  bits  of  matter  deployed  in  quan¬ 
tity  to  confuse  radar  or  ladar  by  scattering  radi¬ 
ation  and  concealing  targets. 

Charge-coupled  Devices:  Solid  state  devices  that 
convert  photons  of  incoming  electromagnetic  ra¬ 
diation  to  electric  charge,  usually  in  a  propor¬ 
tional  manner.  The  charge  is  then  detected  by 
attached  electronic  circuits  and  the  resulting  in¬ 
formation  is  analyzed  to  provide  information 
about  the  original  photons  (direction  of  the 
source,  wavelength,  time  distribution,  number). 

Chemical  Laser:  A  laser  that  uses  chemical  re¬ 
actions  to  pump  energy  into  a  lasing  medium, 
thereby  creating  the  inverted  state  population 
need^  for  lasing.  An  example  of  a  high  power 
chemical  laser  is  the  hydrogen  fluoride  laser,  in 


which  a  hydrogen-fluorine  reaction  produces  las¬ 
ing  in  a  hydrogen  fluoride  medium. 

Coherence:  The  maintenance  of  constant  phase 
relationships  between  adjacent  rays  of  a  beam 
of  electromagnetic  radiation.  Coherent  radiation 
is  able  to  transfer  energy  much  more  efficiently 
and  in  a  more  collimated  beam  than  is  incoher¬ 
ent  radiation.  Laser  light  is  coherent. 

Command  Guidance:  The  technique  of  remotely 
controlling  the  trajectory  of  a  rocket. 

Complementary  Expendable  Launch  Vehicle 
(CELV):  The  Titan  IV;  a  new  U.S.  rocket  for 
launch-toorbit,  to  become  operational  in  the  late 
1980s  and  with  a  payload,  to  low-Earth  orbits, 
of  about  30,000  to  40,000  pounds. 

Compulsator:  A  hollow-core  generator  able  to  pro¬ 
duce  large  amounts  of  electrical  energy,  but  sub- 
st^tially  lighter  than  homopolar  generators.  It 
might  be  used  to  produce  large  currents  suitable 
for  electromagnetic  guns. 

Computer  Simulation:  The  representation  on  a 
computer  of  a  chain  of  physical  events,  using 
physical  calculations.  In  the  context  of  BMD, 
it  will  be  attempted  to  reproduce,  in  computer 
memory  and  on  screens,  all  aspects  of  a  large  en¬ 
gagement  between  a  BMD  system  and  the  op¬ 
posing  offensive  force.  The  behavior  of  all  ele¬ 
ments  of  both  systems  will  presumably  be 
included,  as  well  as  effects  generated  by  nuclear 
explosions  in  space  and  in  the  atmosphere.  The 
results  of  many  such  simulations  are  supposed 
to  show  the  effectiveness,  robustness,  and  sur¬ 
vivability  of  the  BMD  system  under  various  sets 
of  assumptions. 

Constellation:  The  number  and  orbital  disposition 
of  a  set  of  space-based  weapons  forming  part  of 
a  defensive  system. 

Cost-effective  at  the  margin:  In  the  context  of 
BMD  effectiveness,  the  requirement  that  each  ! 
additional  increment  of  defensive  capability  cost  | 

the  defense  less  than  each  correponding  offen-  | 
sive  increment  deployed  by  the  offense.  In  the  ! 
context  of  survivability,  it  corresponds  to  the 
requirement  that  the  incremental  cost  of  defend¬ 
ing  one  space  asset  be  less  expensive  than  the 
incremental  cost  of  adding  sufficient  defense 
suppression  capability  to  destroy  that  asset.  i 

Cost-exchange  Ratio:  In  the  BMD  context,  the  ra-  I 

tio  of  the  cost  of  an  item  to  the  defense  to  the 
cost  of  an  equal  and  opposing  item  to  the  offense. 

For  example,  the  cost-exchange  ratio  of  a  termi¬ 
nal  defense  system  would  be  the  cost  to  the  de¬ 
fense  of  the  number  of  rockets  (plus  the  pro-rated 
cost  of  support  sensors)  needed  to  kill  one  incom- 
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ing  warhead  to  the  cost  to  the  offense  cf  putting 
that  warhead  and  associated  decoys  in  the  ter¬ 
minal  phase  of  flight. 

Countermeasure  iNon-destructive  and  Defense 
Suppression):  A  tactic  used  by  the  offense  to  op¬ 
pose  defensive  measures  or  by  the  defense  to  op¬ 
pose  offensive  measures.  Non-destructive  coun¬ 
termeasures  are  those  that  are  intended  to 
nullify  the  capability  of  the  opposing  system  by 
means  other  thai<  direct  attack.  Defense  suppres¬ 
sion  countermeasures  include  means  of  attack¬ 
ing  defensive  system  elements. 

Cryogenic  cooler:  The  equipment  used  to  cool  sub¬ 
stances  to  very  low  temperatures. 

Dazzling:  The  temporary  blinding  of  a  sensor  by 
hostile  incoming  radiation  [e  g..  radiation  from 
lasers,  generators,  nuclear  explosions). 

Debris:  In  the  BMD  context,  large  quantities  of 
relatively  small  particles.  Debris  could  be  used 
as  an  intentional  defense  suppression  measure; 
debris  is  also  generated  when  objects  in  space 
are  destroyed. 

Decoy;  An  object  intended  to  fool  the  adversary’s 
sensors  into  thinking  it  is  a  more  expensive  and 
more  threatening  object.  It  could  be  a  decoy  re¬ 
entry  vehicle,  a  decoy  ASAT  warhead,  or  a  de¬ 
coy  satellite  belonging  cither  to  the  offense  or 
defense. 

Defense  Suppression:  Destroying  the  elements  of 
a  defensive  system. 

Delta  180:  An  experiment  in  September  1986  that 
successfully  took  some  radar  and  infrared  meas¬ 
urements  in  space  as  well  as  the  coordination 
among  a  large  number  of  individual  elements  in 
space  and  on  the  ground.  See  text  for  more  detail 

Detector.  A  device  that  can  sense  and  report  on 
radiation  originating  from  a  remote  object.  De¬ 
tectors  for  BMD  purposes. are  usually  sensitive 
to  electromagnetic  radiation,  but  some  may  be 
particle  deteebers,  able  to  sense,  for  example, 
electrons,  neutral  beams,  or  neutrons. 

Deterrence:  The  prevention  of  war  or  other  un¬ 
desired  acts  by  a  military  posture  threatening 
unacceptable  consequences  to  an  aggressor. 

Dielectric  Coating:  On  a  mirror,  a  thin  (usually  frac¬ 
tions  of  a  wavdength)  coating  of  non-conducting 
materials  design^  to  maximize  reflectivity  at 
the  operating  wavelength. 

Diffraction:  The  spreading  out  over  distance  of 
even  a  perfectly  focused  beam  of  electromagnetic 
radiation.  It  provides  an  upper  limit  on  the  in¬ 
tensity  that  can  be  obtained.  A  perfectly  focused 
beam  will  spread  out  at  an  angle  (in  radians} 


equal  to  slightly  more  than  the  ratio  of  the  wave¬ 
length  to  the  diameter  of  the  final  focusing 
element. 

Direct  A  scent  Non-nuclear  Anti-satellite  Weapon 
(DANNASAT).  A  ground-based  rocket  with  a 
homing,  non-nuclear  warhead  designed  to  de- 
!?troy  satellites. 

Direct  Ascent  Nuclear  Anti-salellite  Weapon 
(DANASAT):  A  ground-based  rocket  with  a  nu¬ 
clear  warhead  designed  to  destroy  satellites. 

Discrimination:  The  process  of  detennining  which 
of  a  set  of  targets  in  space  (usually  reentry  vehi¬ 
cles)  are  real  and  which  are  decoys. 

Distributed  Architecture:  A  system  design  whose 
primary  functions  are  dispersed  and  repeated  in 
numerous  nodes  at  diverse  locatioris.  Each  node 
has  a  large  amount  of  autonomy.  This  has  the 
effect  of  increasing  the  survivability  of  the  sys¬ 
tem,  since  the  loss  of  a  few  nodes  will  not  cause 
the  system  to  fail  catastrophically.  It  may,  how¬ 
ever,  cause  redundant  actions,  and  thus  require 
more  system  elements  than  a  more  efficient  ar¬ 
chitecture. 

Distributed  Battle  Management:  A  battle  manage¬ 
ment  system  that  relies  on  a  distnbuted  architec¬ 
ture  with  numerous,  largely  autenomous  nodes. 

Doppler  Imaging:  The  use  of  radar  or  ladar  to  pro¬ 
duce  reflected  doppler-shifted  electromagnetic 
signals  from  different  parts  of  an  object.  This 
technique  can  provide  an  imag(3  of  the  object  if 
it  is  spinning  or  tumbling.  Since  the  doppler  shift 
depends  on  ^e  velocity  of  the  object  with  respect 
to  the  observer,  reflections  from  those  parts  of 
the  object  receding  from  the  observer  have 
different  shifts  from  those  moving  towards  the 
observer. 

Dynamic  Isotope  Power  System  (DIPS):  A  device 
for  producing  electric  power  for  satellites  that 
utilizes  the  heat  generated  by  a  quantity  of  a 
radioactive  isotope  as  a  power  source  and  then 
converts  the  heat  energy  to  electricity  by  means 
of  a  d3rnamic  heat  engine. 

E-beam:  An  electron  beam. 

Eastport  Study  Group:  A  group  of  computer  soft¬ 
ware  and  hardware  experts  convened  by  the 
SDIO  in  1986  to  provide  independent  advice  on 
the  problems  associated  with  designing  and  pro¬ 
ducing  a  battle  management  system  for  BMD 
and  the  associated  software.  The  group  reached 
the  conclusion  that  insufficient  attention  had 
been  thus  far  paid  to  software  problems  and  that 
any  BMD  system  should  be  designed  around 
battle  management  software,  not  vice-versa.  It 


also  advocated  the  use  of  distributed  systems 
and  concluded  that  a  successful  battle  manage- 
ment  system  for  BMD  could  be  designed. 

Electro-optic  Countenneasures:  Countermeasures 
designed  to  confuse  the  sensors  of  one's  adver¬ 
sary  by  j  amming,  blinding,  or  dazzling,  or  by  re¬ 
ducing  the  radiations  and  reflections  produced 
by  one’s  own  assets,  or  by  using  decoy  targets 
in  conjunction  with  real  targets. 

Electromagnetic  Launcher:  A  device  that  can  accel¬ 
erate  an  object  to  high  velocities  using  the  elec¬ 
tromotive  force  produced  by  a  large  current  in 
a  transverse  magr  etic  field. 

Electromagnetic  Pulse  (EMP>:  A  large  pulse  of  elec¬ 
tromagnetic  energy,  effectively  reaching  out  to 
distances  of  hundreds  of  kilometers  or  more;  in¬ 
duced  by  the  interactions  of  gamma  rays  that 
are  produced  by  a  nuclear  explosion  with  atoms 
in  the  upper  atmosphere. 

Endo-atmospheric  Interceptor:  An  interceptor 
rocket  that  attacks  incoming  reentry  vehicles  in 
their  terminal  phase  within  the  atmosphere. 

Ephemeris:  The  orbital  parameters  of  a  satellite 
or  planet. 

Excimer  Laser  A  laser  that  produces  the  neces¬ 
sary  population  inversion  of  molecular  energy 
states  by  an  electric  discharge  in  a  lusant  con¬ 
sisting  of  a  noble  gas  and  a  halogen  (e.g.  argon 
and  fluorine,  xenon  and  chlorine).  The  two  ele¬ 
ments  of  the  lasant  form  a  metastable  excited 
molecular  state,  and,  upon  decaying  to  the 
ground  state  and  emitting  a  photon,  separate 
once  more  into  their  component  atoms. 

Exo-atmospheric  Interceptor:  An  interceptor 
rocket  that  destroys  incoming  reentry  vehicles 
above  the  atmosphere  during  the  late  midcourse 
phase. 

Experimental  Test  Accelerator  (ETA):  A  5  MeV 
accelerator  at  Livermore  Laboratory  that 
produced  free  electron  lasing  in  the  microwave 
band  in  1985. 

Fast-burning  Booster  (FBB):  A  booster  for  a  bal¬ 
listic  missile  that  bums  out  more  rapidly  than 
the  current  minimum  time  of  about  three  min¬ 
utes.  Down  to  about  80  seconds,  there  are  no  an¬ 
ticipated  serious  technical  difficulties  in  devel¬ 
oping  such  rockets.  For  shorter  times,  significant 
developmental  work  may  be  necessary. 

Fault-tolerance:  The  ability  of  hardware  or  soft¬ 
ware  to  continue  to  function  despite  the  occur¬ 
ence  of  failures. 

FLAGE  Experiment:  A  set  of  experiments  involv¬ 
ing  a  low  altitude  interceptor  rocket  for  missile 
defense. 


Fletcher  Report:  The  report  of  the  Defensive  Tech¬ 
nologies  Study  Team,  headed  by  Dr.  James 
Fletcher.  This  report  was  requested  by  President 
Reagan  in  1983  to  investigate  the  technical  fea¬ 
sibility  of  ballistic  missue  defenses.  The  report’s 
unclassified  conclusions  were  optimistic. 

Fluorescence:  light  or  other  electromagnetic  ra¬ 
diation  from  excited  atoms  that  have  previously 
been  raised  to  excited  states  by  radiation  of  a 
higher  frequency. 

Focal  F^lane  Array:  A  set  of  radiation-sensitive  de¬ 
vices  located  at  the  foco!  ;iiane  of  an  optical  train. 
The  array  then  pro\'ides  an  image  of  objects  lo¬ 
cated  in  front  of  the  cptics.  The  resolution  of  the 
array  depends  on  tho  nui^Ser  of  elements  in  it 
and  on  the  quality  and  size  sf  the  optics. 

Free  Electron  Laser  A  laser  thst  takes  energy 
from  a  transversely-oscillating  electron  beam 
and  adds  it  to  a  coupled  beam  of  electromagnetic 
radiation.  The  wavelength  of  the  radiation  de¬ 
pends  primarily  on  the  distance  of  oscillation  of 
the  electron  beam  and  on  its  energy. 

Frond:  A  proposed  countermeasure  to  doppler  im¬ 
aging  by  radar  or  ladar:  long,  thin  strips  of  metal, 
coat^  with  a  material  that  sublimates  in  space, 
are  attached  to  a  possible  target.  The  random 
motion  of  many  of  these  objects  on  the  same  tar¬ 
get  could  confuse  attempts  to  image  the  target 
by  doppler  measurements  over  its  surface. 

Full-scale  Engineering  Development  (FSED):  A 
sta^  in  the  acquisition  of  a  m^tary  system  that 
is  intended  co  produce  several  working  pro¬ 
totypes. 

Geostationary  Orbit:  A  circular  orbit  about  35,()()0 
kilometers  above  the  Earth’s  equator  with  a 
period  of  one  day;  a  satellite  in  das  orbit  thus 
remains  above  one  point  on  the  equator. 

“Hard”  Kill:  The  destruction  of  an  object  in  a  way 
easily  detectable  from  a  distance,  usually  by 
fragmenting  it  or  by  changing  its  velocity  radi¬ 
cally.  Distinguished  from  “soft”  kill  (q.v,). 

Hard  Targets;  Ground  targets,  such  as  mis^  sflos 
or  deeply  buried  command  centers,  that  could 
survive  a  nuclear  blast  unless  it  were  to  hit 
within  a  few  hundred  meters. 

Heavy  Lift  Launch  Vehicle  (HLLV):  Currently  re¬ 
ferred  to  as  the  Advanced  Launch  System  (q.v.); 
a  projected  vehicle  capable  of  lifting  tens  of 
tonnes  to  orbit  and  ready  for  use  by  the  mid 
1990s.  A  requirement  for  placing  space-based  ele¬ 
ments  of  the  Phase  One  Strategic  Defense  Sys¬ 
tem  into  orbit  within  the  timelines  planned. 

HF/DF  Laser:  A  chemical  laser,  fueled  by  a 
hydrogen-(or  deuterium-)fluoride  reaction,  that 
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produces  lasing  at  2.7  (3.8)  microns.  The  most 
promising  candidate  for  space-based  chemical 
lasers. 

Hierarchical  Architecture:  An  architecture  that 
has  several  layers  of  a  hierarchy;  an  element  may 
take  direction  from  an  element  in  a  higher  layer 
but  not  from  one  in  the  same  or  a  lower  layer. 

High  Endo-atmospheric  Interceptor  (HEDI):  A 
proposed  interceptor  for  ballistic  missile  defense 
that  could  be  available  sometime  in  the  1990s. 

Hit-to>kill  Vehicle:  A  kinetic  vehicle  that  de8^roy  s 
its  target  by  hitting  it  directly  and  thereby  ti*ans- 
ferring  a  lethal  amount  of  kinetic  energy  to  it. 

Homing:  In  the  context  of  missile  defense,  the  abil¬ 
ity  of  an  interceptor  to  locate  its  target  and  to 
modify  its  trajectory  to  insure  that  it  approaches 
its  target  close  enough  to  destroy  it.  May  be 
based  on  infra-red  detectors,  radar,  or  ladar. 

Homing  Overlay  Experiment  (HOE):  An  experi¬ 
ment  carried  out  in  summer  1984,  in  which  a 
modified  Minuteman  I  rocket,  launched  from 
Kwajelein  Atoll  in  the  Pacific,  was  able  to  home 
in  on  and  destroy  a  simulated  reenti  y  veh*  Je 
launched  from  Vandenberg  Air  Force  Base  in 
California. 

Homopolar  Generator:  An  electric  generator  that 
employs  a  rotating  cylinder  to  store  large 
amounts  of  electrical  energy.  May  be  used  in  con¬ 
junction  with  electromagnetic  launchers. 

Imaging  Synthetic  Aperture  Radar  (ISAR):  A  ra¬ 
dar  technique  that  uses  the  motion  of  targets 
to  reconstruct  an  image  with  high  resolution. 
Resolution  is  limii^  by  the  distance  the  target 
moves  between  successive  radar  pulses. 

Impulse  Tagging:  A  possible  technique  for  inter¬ 
active  discrimination.  A  high-powered  laser 
strikes  an  object,  ablating  a  small  amount  of  sur¬ 
face  material.  The  object  recoils,  and  the  speed 
of  the  recoil  is  inversely  proportional  to  its  mass. 

Impurity  Band  Conductor  (IBC):  Recently  per¬ 
fected  semiconductors  that  may  be  us^  for 
charge-coupled  devices  and  have  a  high  degree 
of  radiation  resistance. 

Induction  Linac:  One  of  the  candidate  types  of  par¬ 
ticle  accelerator  for  a  free  electron  laser.  The 
ETA  and  ATA  at  Lawrence  Livermore  Labora¬ 
tory  are  induction  linacs.  The  electromagnetic 
impulse  that  accelerates  the  electron  beam 
originates  in  a  changing  magnetic  field  produaxl 
by  a  series  of  loops  that  surrounds  the  beam 
rather  than  by  a  radiofrequency-generated  elec¬ 
tric  potential  that  is  maintained  dong  the  beam 
just  ahead  of  the  accelerated  particles. 


Inertial  Guidance:  Guidance  provided  from  on¬ 
board  a  rocket.  Inertial  gyros  sense  acceleration 
and  use  that  information  to  alter  the  rocket's 
propulsion  to  maintdn  a  predetermined  course. 

Interactive  Discrimination:  Techniques  for  dis¬ 
crimination  that  involve  perturbing  a  target  and 
observing  its  reactions  to  the  perttu-bation.  Ex¬ 
amples  are  neutral  particle  teams  (producing 
electrons  or  neutrons  in  the  target),  impulse  tag¬ 
ging  with  a  laser  (causing  the  object  to  recoil), 
and  laser  thermal  tagging  (heating  an  object  and 
observing  the  temperature  rise). 

Keep-out  Zone:  A  volume  of  space  around  a  satel¬ 
lite  that  is  declared  to  be  forbidden  to  entry  by 
unauthorized  intruders;  enforcement  of  such  a 
zone  is  intended  to  protect  space  assets  against 
attack,  particularly  by  space  mines  (q.v.). 

Kill  Assessment:  Determining  with  remote  sensors 
whether  an  attacked  target  has  been  destroyed. 

Kinetic  Energy  Weapons  (KEW):  Weapons  that  kill 
by  transferring  a  fraction  of  tiieir  kinetic  energy 
to  a  target. 

Kinetic  Kill  Vehicle  (KKV):  A  rocket  that  homes 
in  on  its  target  and  kills  it  by  striking  it  or  by 
hitting  it  with  a  fragmentation  device. 

Klystron:  A  high-powered  vacuum  tube  used  to 
produce  the  radio  frequency  waves  that  ac^ler- 
ate  particles  in  an  rf  accelerator. 

Ladar:  Laser  radar;  a  form  of  radar  that  uses  laser 
light  instead  of  microwave  radiation  as  a  radar 
signal. 

LetJ^  Radius:  The  maximum  distance  from  an  ex¬ 
ploding  (nuclear  or  non-nuclear)  warhead,  within 
which  a  target  would  be  destroyed. 

Lethality:  The  ability  of  a  weapon  to  destroy  a 
target. 

Leth^ty  Enhancer:  A  device,  used  by  a  kinetic 
kill  veMcle,  that  explodes  or  expands  at  the  point 
of  closest  approach  to  the  target,  sending  frag¬ 
ments  of  material  into  the  target  and  destroy¬ 
ing  it. 

Life  Cycle  Costs  (LCC):  The  total  cost  of  a  mili¬ 
tary  system,  including  operation  and  mainte¬ 
nance  over  its  anticipated  lifetime. 

Limited  Test  Ban  Treaty:  A  treaty  signed  by  the 
US,  the  UK,  and  the  USSR  m  1963,  restricting 
nudear  tests  to  und'^rground  sites.  Over  one  hun¬ 
dred  nations  have  b^ome  signatories. 

Lines  of  Source  Code  (LOC):  The  number  of  lines 
in  a  computer  program  in  the  highest  (most  re¬ 
moved  from  the  computer)  level  language  used. 

Machine  Language:  The  lowest  level  of  computer 
language  that  directly  manipulates  the  bistable 
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states  in  a  computer's  memory,  effectively  mov¬ 
ing  around  numbers  and  performing  arithmetic 
operations  upon  them. 

Magnetohydrodynamics  (MHDh  In  the  BMD  con¬ 
text,  a  technique  for  converting  a  hot  plasma  to 
electric  energy  by  passing  it  through  a  magnetic 
field.  In  space,  it  might  oe  used  to  generate  elec¬ 
trical  energy  from  a  large  rocket  exhaust. 

Maneuvering  Boosters:  Boosters  that  can  change 
course  in  a  pre-programmed  way;  they  might  be 
used  in  an  effort  to  avoid  attack  during  the  boost 
phase  by  space-based  interceptors. 

Maneuvering  Reentry  Vehicle  (MaRV):  A  reentry 
vehicle  that  maneuvers  in  the  late  midcourse  or 
terminal  phase,  either  to  enhance  accuracy  or  to 
avoid  anti-ballistic  missiles.  Maneuvers  within 
the  atmosphere  are  usually  accomplished  by  aer¬ 
odynamic  means;  maneuvers  in  space  coidd  be 
accomplished  by  small  rockets. 

Mass  Fraction;  The  fraction  of  a  rocket  stage’s 
mass  that  is  taken  up  by  fuel.  The  remaining 
mass  is  structure  and  payload. 

Mean  Time  Between  Failures  (MTBFk  The  aver¬ 
age  time  between  element  failure  in  a  system, 
usually  composed  of  many  elements. 

Mean  l  ime  to  Repair  (MTTR):  In  a  multi-element 
system,  the  average  time  required  to  repair  the 
system  in  the  event  of  a  failure. 

Midcourse  Phase:  The  phase  in  a  ballistic  missile 
trajectory  after  the  warheads  are  dispensed  from 
post-boost  vehicles  and  before  their  reentry  into 
the  atmosphere,  in  which  the  reentry  vehicles 
(and  decoys)  coast  in  ballistic  trajectories. 

Milstar  A  U.S.  strategic  communications  satellite 
imder  development. 

Mirror  System:  In  the  BMD  context,  a  BMD  sys¬ 
tem  that  one  side  builds  in  response  to  its  ad- 
versaiy*  that  contains  similar  elements  and  has 
similar  missions. 

Missile  Silo:  A  usually  hardened  protective  con¬ 
tainer,  buried  in  the  ground,  in  which  land-bas^ 
long-range  ballistic  missiles  are  placed  for 
launching. 

Monostatic  Radar/Ladar  A  radar/Iadar  in  which 
the  transmitter  and  receiver  are  located  together. 

Multiple  Independently-targetable  Reentry  Vehi¬ 
cle  (MIRV):  One  of  several  reentry  vehicles  car¬ 
ried  on  the  same  booster  that  are  sent  to  diverse 
targets  by  a  post-boost  vehicle  (q.v.). 

Mutual  Assured  Destruction:  The  strategic  situa¬ 
tion  now  existing  in  which  either  superpower 
could  inflict  massive  nuclear  destruction  on  the 
other,  no  matter  who  struck  first. 

Mutual  Assured  Survival:  The  hypothetical  stra¬ 


tegic  situation  obtaining  wherein  each  super* 
power  would  know  that  it  would  survive  a  nu¬ 
clear  attack  launched  by  the  other  with  only 
minimal  casualties  because  of  the  high  effective¬ 
ness  of  its  defensive  systems. 

National  Test  Bed  (NTB):  The  nationwide  comput¬ 
ing  network,  with  a  center  in  Colorado,  to  be 
organized  by  SDIO  to  test  and  simulate  software 
and,  to  a  degree,  the  hardware  that  might  be  used 
in  a  BMD  system. 

Network  Topology:  In  computing,  the  elements, 
lines  of  communication  between  the  elements, 
and  the  hierarchical  structure  of  a  computing 
network. 

Neutral  Particle  Beam  (NPB):  A  beam  of  un¬ 
charged  atomic  particles,  produced  by  a  parti¬ 
cle  accelerator  and  beam  neutralizer,  that  could 
be  used  to  strike  and  destroy  an  object  or  to  ‘’in¬ 
terrogate”  it,  ascertaining  some  information 
about  it  from  the  characteristics  of  the  result¬ 
ing  emitted  radiation  from  the  object. 

Noctilucent  Clouds:  Naturally  occurring  clords  in 
the  upper  atmosphere  (about  60-80  km  altitude) 
resulting  from  the  accumulation  of  ice  crystals 
about  fine  particles  of  meteoric  dust.  Such  douds 
may  also  be  susceptible  to  artificial  creation,  and 
thus  might  be  useful  for  possible  countermeas¬ 
ures  to  ground-  or  air-bas^  infrared  sensors  try¬ 
ing  to  look  through  the  Earth’s  atmosphere. 

Nudear  Background:  The  background  of  infrared, 
visible,  microwave  and  nuclear  radiation  caused 
by  a  nuclear  explosion  in  space  or  in  the  atmos¬ 
phere.  Such  ba^grouncL  could  pose  significant 
problems  for  many  proposed  sensors  of  a  BMD 
system. 

Nuclear  Precursor  A  nudear  explosion  detonated 
near  an  adversary’s  sensors  or  weapons  shortly 
before  the  arrived  of  a  number  of  nuclear  war¬ 
heads  on  nearby  targets.  The  aim  would  be  to 
prevent  the  adversary  from  launching  his  own 
weapons  or  from  using  his  sensors  b^ause  of 
the  background  or  debris  produced  by  the  pre¬ 
cursor. 

Outer  Space  Treaty:  A  treaty  signed  by  the  US, 
the  UK,  and  the  USSR  in  1967,  and  acceded  to 
by  many  other  nations,  that  bans  the  station¬ 
ing  of  nuclear  weapons  in  space. 

Packet-switched  Network:  A  computing  network 
in  which  information  and  data  are  distributed 
and  retrieved  in  “packets”;  the  size  and  repeti¬ 
tion  rate  of  the  packets  depend  on  the  computa¬ 
tional  and  communication  status  of  the  system 
at  the  time  of  data  transfer. 

Particle  Accelerator:  A  device  that  accelerates 
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charged  nuclear  and  sub-nuclear  particles  by 
means  of  changing  electromagnetic  fields.  Par¬ 
ticles  are  accelerated  to  energies  of  millions  of 
electron-volts  and  much  higher.  Accelerators  for 
basic  research  have  reached  over  10^’  electron 
volts  of  energy.  Those  useful  for  BMD  missions, 
such  as  NPBs  or  FELs,  need  only  reach  between 
10*  and  10*  electron  volts,  but  generally  require 
higher  currents. 

Passive  Discrimination:  Discrimination  of  decoys 
from  real  targets  by  observing  infrared,  optical, 
or  other  emissions  from  the  object.  In  BMD,  pas¬ 
sive  infrared  observations  may  be  used  in  early 
versions  of  a  system  to  attempt  to  discriminate 
between  reentry  vehicles  and  simple  decoys. 

Passive  Sensor:  A  sensor  that  passively  observes 
radiation  coming  froui  an  object  at  a  distance. 
Usually  refers  to  infrared  or  visible  sensors. 

Payload:  On  a  rocket,  the  part  of  the  total  mass 
that  is  used  to  accomplish  the  rocket’s  mission, 
apart  from  the  rocket  fuel  and  structure.  Exam¬ 
ples  are  a  satellite  launched  to  orbit  or  a  nucleiir 
warhead. 

Penetration  Aid:  A  device,  such  as  a  decoy  or  chaff 
that  would  make  it  easier  for  a  reentry  vehicle 
to  penetrate  a  BMD  system  by  confusing  the 
system’s  sensors. 

Phase  One:  In  the  context  of  missile  defense,  the 
first  phase  of  a  deployed  Strategic  Defense  Sys¬ 
tem  (q.v.),  based  on  space-  and  ground-based  in¬ 
terceptors,  and  planned  for  deployment  by  the 
mid-  to  late-1990s. 

Phase  Three:  A  later  phase  of  missile  defense  de- 
plo3anent,  including  directcd-energy  weapons 
and  interactive  discrimination. 

Phase  Two:  The  phase  of  missile  defense  deploy¬ 
ment,  following  Phase  One;  would  possibly  in¬ 
clude  more  interceptors,  some  enhanced  disoimi- 
nation  capability  and  other  innovations. 

Phased  Deployment:  In  the  BMD  context,  the  de¬ 
ployment  of  successively  more  effective  systems 
as  they  are  developed. 

Pixel:  One  unit  of  image  information  on  a  screen, 
corresponding  to  the  smallest  unit  of  the  image; 
the  more  pixels,  the  higher  the  potential  resolu¬ 
tion  of  system. 

Platform:  In  the  BMD  context,  a  satellite  in  space 
used  for  weapons,  sensors,  or  both. 

Platform  Decoy:  A  relatively  inexpensive  object 
intended  to  fool  an  adversary’s  sensors  into 
deciding  that  the  object  is  really  a  much  more 
valuable  platform. 

Plume:  The  hot,  bright  exhaust  gases  from  a 
rocket. 


Pop-up:  The  use  of  rapidly  reacting,  ground- 
launched  elements  of  a  ballistic  missile  defense. 
These  elements  may  be  sensors  (e.g.  for  mid¬ 
course  tracking  and  discrimination)  or  weapons 
(e.g.  X-ray  lasers). 

Post-boost  Phase:  The  phase  of  a  ballistic  missile 
trajectory  in  which  reentry  vehicles  and  associ¬ 
ated  decoys  are  independently  released  on  bal¬ 
listic  trajectories  towards  various  ground 
targets. 

Post-boost  Vehicle  (PBV):  The  rocket-propelled  ve¬ 
hicle  that  dispenses  reentry  vehicles  and  associ¬ 
ated  decoys  on  independent  ballistic  trajectories 
towards  various  groimd  targets. 

Preferential  Defense:  The  defensive  tactic  of  pro¬ 
tecting  some  targets  strongly  while  leaving 
others  less  strongly,  or  not  at  all  defended.  This 
allocation  of  defense  resources  is  to  be  hidden 
from  the  offense,  thus  requiring  it  to  waste  re¬ 
sources  and  conferring  a  strategic  advantage  on 
the  defense. 

Probe:  In  the  context  of  SDS,  a  ground-based  set 
of  sensors  that  would  be  rapidly  launched  into 
space  on  warning  of  attack  and  then  function  as 
tracking  and  acquisition  sensors  to  support 
weapon  allocation  and  firing  by  BMD  weapons 
against  enemy  ICBMs  and  RVs. 

Halation  Hardness:  The  ability  of  electronics  to 
fimetion  in  high  fields  of  nuclear  radiation.  Tech¬ 
niques  for  increasing  hardness  include  semicon¬ 
ductors  less  susceptible  to  radiation  upset, 
shielding,  reduction  in  size,  and  redundancy. 

Radio  Frequency  linac:  A  particle  accelerator  that 
uses  a  travelling  electromagnetic  wave  at  radio 
frequencies  to  accelerate  charged  particles.  The 
wave  is  positioned  at  a  relativdy  constant  phase 
relative  to  the  particle  position  as  both  travel 
down  a  tube,  providing  an  electric  field  that  fur¬ 
nishes  the  accelerating  force. 

Radioisotope  Thermoele^c  Generator  (RTG):  An 
electric  generator  that  uses  the  heat  produced 
by  the  decay  of  intense  radioactive  sources  to 
produce  electricity  by  the  intermediary  of  ther¬ 
moelectric  devices. 

Railgun:  A  device  that  uses  the  electromotive  force 
experienced  by  a  moving  current  in  a  transverse 
magnetic  field  vO  ac.'elerate  small  objects  rap¬ 
idly  to  high  velocities.  See  electromagnetic 
launcher. 

Range  Gate:  An  electronic  gate  placed  by  a  radar 
system  with  a  timing  intended  to  include  ex¬ 
pected  return  signals.  The  radar  would  then  only 
look  at  and  analyze  those  return  signals  within 
the  gate. 
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Reentry  Vehicle  (RV):  The  shielded  nuclear  war¬ 
head  of  a  ballistic  missile  that  reenters  the 
Earth’s  atmosphere  to  strike  a  target  on  the 
ground. 

R^ponsive  Threat:  The  Soviet  ballistic  missile 
force  and  the  Soviet  countermeasures  to  a  U.S. 
ballistic  missile  defense  that  could  be  expected 
to  be  deployed  by  the  Soviet  Union  in  an  effort 
to  oppose  a  U.S.  missile  defense. 

Retargeting:  Re-aiming  a  directed-energy  weapon 
from  one  target  to  another. 

Retroreflector:  A  mirror,  usually  a  comer  reflec¬ 
tor,  that  returns  light  or  other  electromagnetic 
radiation  in  the  direction  from  which  it  comes. 

Robustness:  The  ability  of  a  system  to  fulfill  its 
mission  in  the  face  of  non-destructive  counter¬ 
measures  or  a  direct  attack. 

Rubber  Mirror.  An  informal  name  for  mirrors  that 
can  be  distorted  by  electromechanical  actuators 
in  order  to  compensate  for  atmospheric  distor¬ 
tions  or  changes  in  the  geometry  of  the  optical 
system,  and  thereby  restore  a  desired  wave  front. 

SAFEGUARD:  The  anti-ballistic  missile  system 
deployed  in  North  Dakota  in  1975  and  then  dis¬ 
mantled  in  1976  because  of  low  cost-effectiveness. 

Salvage-fused:  In  a  warhead,  a  design  including 
a  fuse  that  would  detonate  the  warhead  if  it  were 
struck  or  attacked  from  a  distance  by  another 
weapon. 

Sensor:  A  device  that  detects  electromagnetic  ra¬ 
diation  or  particles  emanating  from  a  source  at 
a  distance. 

Shoot-back:  The  defense  tactic  of  shooting  at  at¬ 
tacking  objects,  trying  to  destroy  them  before 
they  can  destroy  targeted  asset. 

Shroud  (RV,  PBV):  In  the  BMD  context,  a  thin 
envelope  that  woulci  enclose  a  reentry  vehicle, 
interfering  with  the  infrared  radiation  that  it 
would  emit;  also,  a  Icose  conical  device  that 
would  be  positioned  behind  a  PBV  to  conceal  the 
deployment  of  reentry  vehicles  and  decoys  from 
outside  observers. 

Sidelobe:  In  radar,  a  solid  angle  away  from  the  aim¬ 
ing  direction  of  an  antenna,  that  contains  a  sig¬ 
nificant  fraction  of  the  energy  radiated.  The  size, 
shape,  and  location  of  sidelobes  depend  on  the 
wavelength  end  on  the  antenna  geometry.  En¬ 
ergy  can  also  be  inserted  into  the  radar  receiver 
through  a  sidelobe.  providing  an  opportunity  for 
januning. 

Signal  Processing:  The  analysis  (often  rapid  and 
in  near-real  time)  of  complex  incoming  data  in 
order  to  refine  and  simplify  the  information  re¬ 
ceived  to  8  form  that  is  useful  to  the  user.  For 


sensors,  signal  processing  will  be  needed  to  sep¬ 
arate  real  signals  (e.g.  objects  and  tlieir  positions) 
from  spurious  and  unwanted  background  infor¬ 
mation. 

^Soft"  Kill:  A  kill  of  an  object,  usuaUy  by  a  parti¬ 
cle  beam,  against  electronics,  such  that  an  out¬ 
side  observer  cannot  detect  any  physical  change 
in  the  target  from  a  distance,  but  in  which  the 
target  is  nevertheless  unable  to  perform  its 
mission. 

Soft  Targets:  In  nuclear  strategy,  any  target  that 
cannot  be  hardened  in  order  to  survive  a  nearby 
nuclear  detonation  (e.g,  people,  cities,  airfields, 
factories). 

Software  Engineering:  The  technology  for  devel¬ 
oping  and  maintaining  software. 

Software  Engineering  Environment:  Tools  for  de¬ 
veloping  software  ^at  are  mutuaUy  compatible, 
that  enable  the  software  engineer  to  deal  in  rapid 
succession  with  different  phases  of  the  software 
life  cycle  and  that  support  the  entire  software 
life  cycle.  Such  environments  are  in  the  devel¬ 
opment  stage. 

Software  Security:  The  resistance  of  software  to 
unauthorized  use,  theft  of  data,  and  modifica¬ 
tion  of  programs. 

Software  Trustworthiness:  The  probability  that 
there  are  no  errors  in  the  software  that  will  cause 
the  system  to  fail  catastrophically  after  it  has 
undergone  testing. 

Software  Verifrcation:  The  development  of  tech¬ 
niques  for  mathematically  proving  the  correct¬ 
ness  of  computer  programs. 

Source  Code:  A  computer  program. 

Space  Mine:  A  satellite  with  an  explosive  (either 
nuclear  or  non-nuclear)  charge  that  is  designed 
to  position  itself  within  lethal  range  of  a  target 
satellite  and  detonate  upon  preprogrammed 
command,  remote  command  or  upon  being  itself 
attacked. 

Space  Transportation  Architecture  Study:  An  in¬ 
teragency  (SDIO,  USAF,  NASA)  study  under¬ 
taken  in  1986  to  investigate  futiire  US  space 
transportation  needs  for  military  and  civilian 
missions  and  to  propose  methods  to  meet  those 
needs. 

Space-based  Intercepted  (SBI):  A  kinetic  kill  rocket 
based  in  space. 

Spartan:  Long-range  nuclear-tipped  missile  used 
as  part  of  the  SAFEGUARD  missile  defense  sys¬ 
tem  in  1975. 

Specific  Impulse:  A  measure  of  the  efficiency  of 
a  rocket  fuel:  the  ratio  of  the  thrust  produced 
to  the  rate  of  fuel  burning.  It  is  measured  in  sec- 


ends;  good  liquid  fuels  today  range  from  300  to 
400  second'i,  and  solid  fuels  from  about  200  to 
300  seconds. 

Sprint;  High  acceleration  nuclear-tipped  short 
range  iuterceptors  used  as  part  of  the  SAFE- 
GUArtD  missUe  defense  system  in  1975. 
Stability:  Resistance  to  rapid  and  precipitous 
chpjige  in  an  international  situation.  Crisis  sta¬ 
bility  refers  to  the  ability  of  a  situation  to  resist 
ueterioration  to  war  in  times  of  crisis.  Arms  race 
stability  refers  to  the  ability  of  the  situation  to 
resist  deterioration  into  a  spiraling  arms  race 
without  apparent  limits. 

Stable  Transition:  In  missile  defense,  refers  to  a 
hypothetical  transition  from  today’s  offense- 
dominated  strategic  relationship  between  the  su¬ 
perpowers  to  a  regime  based  on  defense  domi¬ 
nance,  without  passing  through  a  period  of  cri¬ 
sis  instability. 

Stealth:  Means  of  hiding  one’s  own  asset  from  an 
adversary’s  sensors,  usually  by  reducing  the  ra¬ 
diation  emitted  or  reflected  by  the  asset. 
Steradian:  The  solid  angle  subtending  a  unit  area 
on  a  unit  sphere. 

Stimulated  Raman  Scattering  (SRSh  A  multi¬ 
photon  interaction  between  a  beam  of  photons 
and  the  molecules  of  the  medium  through  which 
the  beam  passes.  If  intense  enough,  the  photons 
can  interact  with  rotational  states  of  the 
molecules,  producing  coherent  outgoing  beams 
of  frequency  equal  to  the  sum  (and  difference) 
of  the  frequency  initial  beam  and  (from)  the 
equivalent  frequency  of  the  rotational  state.  In 
practice,  regarding  BMD,  a  very  intense  laser 
beam  might  interact  with  gas  molecules  in  the 
atmosphere  and  produce  SRS— the  result  could 
be  a  dispersal  of  the  original  beam,  t  educing  its 
weapons  potential. 

Strategic  Defense:  Defense  against  long  range  nu¬ 
clear  weapons. 

Strategic  Defense  Initiative:  A  Department  of  De¬ 
fense  reMarch  program,  initiated  by  President 
Reagan  in  1983,  with  the  purpose  of  investigat¬ 
ing  methods  of  defending  against  the  ballistic 
missile  threat  to  the  United  States. 

Strategic  Defense  System:  The  proposed  Phase 
One  system  for  balhstic  missile  defense,  planned 
for  deployment  in  the  mid-  to  iate-1990s. 
Surveillance:  In  space,  the  observation,  tracking, 
and  cataloguing  of  objects  in  Earth  orbit  and  of 
objects  being  launched  from  the  Earth. 
Survivability;  The  ability  of  a  system  to  continue 
to  fulfill  its  mission  in  the  face  of  a  direct  attack 
upon  it. 


Survivability  Enhancement  Option:  One  of  several 
methods  to  help  a  missile  defense  system  sur¬ 
vive  a  direct  attack  (e.g.,  shootback,  stealth,  ma¬ 
neuver,  shielding). 

System-Generated  Electromagnetic  Pulse 
(SGEMP):  An  electromagnetic  pulse  in  a  satel¬ 
lite,  generated  by  gamma  rays  and  x-rays  from 
a  nuclear  explosion.  These  rays  strike  metallic 
surfaces  of  the  satellite,  causing  electrons  to  flow 
along  conductors  and  inducing  large  currents  in 
the  circuitry  within  the  satellite. 

Termind  Imaging  Radar  (TIR):  A  radar  intended 
for  missile  defense  use  in  the  terminal  phase  by 
endo-atmospheric  interceptors  that  need  high 
resolution  and  discrinunation  information.  The 
radar  may  be  ready  for  deployment  in  the  1 990s. 
Terminal  Phase:  ’The  final  phase  of  a  ballistic 
trajectory  in  which  the  reentry  vehicles  pass 
through  the  atmosphere  to  their  targets.  This 
phase  lasts  one  minute  or  less. 

Theater  Defense:  Defense  against  nuclear  weap¬ 
ons  on  a  regional  level  (i.e.,  Europe,  Japan.  Is¬ 
rael)  rather  than  at  the  strategic  level  (globally 
or  the  United  Staes  and  the  U.S.S.R.). 
Thermal  Blooming:  The  dispersion  of  a  high- 
powered  laser  beam  within  the  atmosphere, 
caused  by  heat  transfer  from  the  beam  to  the 
atmosphere.  The  center  of  the  beam  will  be  hot¬ 
ter  ,  resulting  in  a  less  dense  zone  with  a  lower 
index  of  refraction.  The  beam  is  then  refracted 
radially  outward. 

Thermal  Tagging:  A  discrimination  technique  in 
which  a  high-powered  laser  heats  up  an  object; 
a  subsequent  measure  of  its  temperature  could 
help  indicate  whether  the  object  were  light 
(higher  temperature)  or  massive  (lower  temper¬ 
ature).  The  higher  temperatures  could  be  de¬ 
tected  and  used  as  a  discriminant  by  other  sen¬ 
sors  later  in  the  trajectory. 

Threat  Tube:  A  narrow  geometrical  volume  of 
space,  usually  over  the  arctic,  from  Soviet  mis¬ 
sile  fields  to  U.S.  targets,  within  which  there 
would  be  a  high  density  of  RVs  and  decoys  dur- 
'  ing  a  Soviet  nuclear  attack. 

Thrusted  Replica;  A  decoy  reentry  vehicle  that  has 
a  small  rocket  which  is  used  upon  reentry  into 
the  atmosphere.  The  rocket  thrust  compensates 
for  atmospheric  drag,  making  it  more  difficult 
to  discriminate  the  decoy  from  a  real  RV. 

Time  Pelay  and  Integrate;  The  technique  of  in¬ 
tegrating  (essentially,  adding)  signals  from  sev¬ 
eral  sensors  so  that  better  photon  statistics  can 
be  obtained,  helping  the  signal  processor  find  a 
signal  above  background. 
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Tracking  Denial:  Denying  an  adversary's  sensors  X*ray  Laser;  A  laser  that  produces  radiation  in  the 

the  ability  to  detect  and  keep  track  of  a  space  X-ray  band  (around  a  few  angstroms).  In  the 

asset,  BMD  context,  such  lasers  would  derive  their 

Trajectory:  The  path  followed  by  a  moving  object.  energy  from  a  nearby  nuclear  explosion,  and 

Warhead.  An  explosive  used  by  a  missile  to  destroy  would  function  only  for  microseconds  or  less. 

it s  t  arget .  Z:  The  number  of  electrons  (or  protons)  in  the  atoms 

X-band  Radar;  Radar  operating  in  the  frequency  of  a  given  element, 
band  around  10  GHz. 
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Related  OTA  Reports 


•  Ballistic  Missile  Defense  Technologies. 

OTA-ISC-254,  9/85;  336  pages,  GPO  stock  #052-003*01008*9  $12.00 
NTIS  order  #PB  86-182  96i/AS,  Free  summary  available. 

•  Anti-Satellite  Weapons.  Countermeasures,  and  Arms  Control. 

OTA-ISC-281,  9/85;  160  pages.  GPO  stock  #052-003-01009-7  $6.00 
NTIS  order  #PB  86-182  953/AS. 

•  Directed  Energy  Missile  Defense  in  Space— Background  Paper. 

OTA-3P-ISC-26,  4/84;  100  pages,  GPO  stock  #052-003-00948-0  $4,50 
NTIS  order  #PB  84-210  111/AS. 

•  Space  Launch  and  Mission  Operations:  New  Technologies  and  PracLces  for  Cost  Reduction- 
forthcoming 

•  Space  Transportation  Options  for  the  Future:  A  Buyer’s  Guide-forthcoming 

ISIATF  RPDorts  are  available  throuirh  the  U.S.  Government  Printing  Office.  Superintendent  of  DocumenU.  Washi^n.  TC 
20401-9325.  (2021783-3238;  and  the  National  Technical  Information  Service,  5285  Port  Royal  Road,  Sprmgfield.  VA 
22161-0001.  (7031487-4650. 


r 


[ 


Office  of  Technology  Assessment 


Tie  Office  of  Technology  Aseesement  (OTA)  wae  created  in  1972 
as  ’in  analytical  arm  of  Congress.  OTA's  basic  function  is  to  help  legis* 
la^Jve  policymakers  anticipate  and  plan  for  the  consequences  of  techno¬ 
logical  changes  and  to  examine  the  many  ways,  expected  and 
unexpected,  in  whicli  technology'  affects  people's  livjw.  The  assessment 
of  technology  calls  for  exploration  of  the  physical,  biobgicaL  ecocMmiic, 
social,  and  political  impacts  that  can  result  from  applications  of  scien¬ 
tific  knowledge.  OTA  provides  Congress  with  independent  and  time¬ 
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Requests  frr  studies  are  made  by  chairmen  of  standing  committees 
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OTA  has  studies  under  way  in  nine  program  areas:  energy  and  ma¬ 
terials;  industry,  technology,  and  employment;  international  securi¬ 
ty  and  commerce;  biological  applications;  food  and  renewable 
resources:  health;  communication  and  information  technologic;  oceans 
and  environment;  and  science,  education,  and  transportation. 


A  * - 


•  ^ 


NTIS  does  not  permit  return  of  items  for  credit  or 
refund.  A  replacement  will  be  provided  if  an  error 
is  made  in  filling  your  order,  if  the  item  was  received 
in  damaged  condition,  or  if  the  item  is  defective. 


Reproduced  by  NTIS 
National  Technical  Information  Service 
U.S.  Department  of  Commerce 
Springfield,  VA  22161 


This  report  was  printed  specificaliy  for  your 
order  from  our  coilection  of  more  than  2  miiiion 
technical  reports. 


For  economy  and  efficiency,  NTIS  does  not  maintain  stock  of  its  vast 
collection  of  technical  reports.  Rather,  most  documents  are  printed  for 
each  order.  Your  copy  Is  the  best  possible  reproduction  available  from 
our  master  archive.  If  you  have  any  questions  concerning  this  document 
or  any  order  you  placed  with  NTIS,  please  call  our  Customer  Services 
Department  at  (703)487-4660. 

Always  think  of  NTiS  when  you  want: 

•  Access  to  the  technical,  scientific,  and  engineering  results  generated 
by  the  ongoing  multibillion  doliar  R&D  program  of  the  U.S.  Government. 

•  R&D  results  from  Japan,  West  Germany,  Great  Britain,  and  some  20 
other  countries,  most  of  it  reported  in  English. 

NTIS  also  operates  two  centers  that  can  provide  you  with  valuable 
information: 

•  The  Federal  Computer  Products  Center  -  offers  software  and 
datafiles  produced  by  Federal  agencies. 

•  The  Center  for  the  Utiiization  of  Federai  Technology  -  gives  you 
access  to  the  best  of  Federal  technologies  and  laboratory  resources. 

For  more  information  about  NTiS,  send  for  our  FREE  NTIS  Products 
and  Services  Catalog  which  describes  how  you  can  access  this  U.S.  and 
foreign  Government  technology.  Call  (703)487-4650  or  send  this 
sheet  to  NTIS,  U.S.  Department  of  Commerce,  Springfield,  VA  221 61. 
Ask  for  catalog,  PR-827. 

Name  _____________________________________ 

Address _ 


Telephone 


-  Your  Source  to  U.S.  and  Foreign  Government 
Research  and  Technology. 


